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Symbols, Abbreviations and Acronyms

ACRV
ACS

CofF
conj
COSPAR

(8.0
Cryo

DDT&E
DE

desc
DMS

Advanced crew recovery vehicle
Attitude control system

Aerobrake Flight Experiment
Attachment and integration
Aluminum

As low as reasonably achievable
Advanced Launch System
Anomalously large solar proton event
Atomic mass (unit)

Area ratio

Argument of perigee

Ammospheric revitalization system
Artificial gravity

Ascent

Advanced space engine

Astronomical Unit (=149.6 million km)

Built-in test

Built-in test equipment

Boundary Layer Analysis Program
Blood-forming organs : '

Cryogenic/acrobrake

Compter-aided design/computer-aided manufacturing
Cryogenic all-propulsive ,
Drag coefficient

Closed Environmental Life Support System

Crew health care

Center of gravity

Lift coefficient

Centimeter = 0.01 meter

Crew module

Center of mass

Check out

Cost of facilities

Conjunction

Committee on Space Research of the International Council of Scientific
_ Unions

Carbon dioxide

Cryogenic

Hyperbolic excess velocity squared (in km?/s2)

days

Design, development, testing, and evaluation
Dose equivalent

Degrees

Descent

Data management system

Velocity change (AY)
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Earth arrival

Earth arrival

Modulus of elasticity in compression
Earth crew capture vehicle

Element control work station
Environment control and life support system
Electric propulsion o
European Space Agency

Engine start opportunity

External Tank

Earth-to-orbit

Extra-vehicular activity

Circulation efficiency factor

Fire Detection and Differentiation

Life support weight factor

Specific floor count factor

Specific floor area factor

Aerobrake integration factor

Specific length factor

Normalized spatial unit count factor

Path options factor )

Useful perimeter factor

Parts count factor

Proximity convenience factor

Plan aspect ratio factor

Section aspect ratio factor

Flight support equipment

Vault factor

Safe-haven split factor

Spatial unit number factor ,

Volume range factor

Fiscal Year 1988 (=October 1, 1987 to September 30, 1988. Similarly for
other years)

Acceleration in Earth gravities (=acceleration/9.80665my/s?)
Gas core nuclear rocket

Galactic cosmic rays

Geosynchronous Earth Orbit

Gaseous nitrogen

Guidance, navigation, and control

Global Positioning System

Gray (SI unit of absorbed radiation energy = 104 erg/gm)

Habitation

High Density

Human Exploration Initiative (obsolete for SEI)
Heavy lift launch vehicle :

Hours

Hygeine water

High atomic number and encrgy particle
Hydrogen

Water
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ICRP

Level I
LiOH

MCRV

International Commission on Radiation Protection
Initial mass in low Earth orbit

Inches

Inbound

Implementation Plan and Element Description
Independant research and development

Specific impulse (=thrust/mass flow rate)

In-situ resource utilization

Japan Experiment Module (of SSF)
Johnson Space Center

klb

Thousand electron volt

Kilograms

Kilopounds (thousands of pounds. Conversion to SI units=4448 N/kIb)
Kilopound force

Kilometers

Kilometers

Kilometers per second

Kilometers per second

Kilopounds per square inch

Lift-to-drag ratio

Low density

Long duration mission

Low Earth orbit

Linear energy transfer

Lunar excursion vehicle

Lunar excursion vehicle crew module

Space Exploration Initiative project office, Johnson Space Center

Liquid hydrogen

Lithium hydroxide

Low Lunar orbit

Lunar Module

Lunar orbit rendezvous

Liquid oxygen

Lunar surface

Lunar transfer vehicle

Lunar transfer vehicle crew module

Lagrange point 2. A point behind the Moon as seen from the Earth which
has the same orbital period as the moon.

Meters

Western Union interplanetary telegram]

Martian pornography]

Mission analysis and systems enginecring (same as Level I q.v.)
Mars ascent vehicle

Ballistic coefficient (mass / drag coefficient times area)

Modified crew recovery vehicle

Mass of electron

Maximum expected operating pressure

Million electron volt ‘
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MOI

MPS
m/sec
MS_FC
mT
MTBF

MWe

na
NASA
NCRP

NERVA
NSO

N204
OSE

outb

PBR

PEEK
PEGA
P/LL

twW
PPU
prop

psi
PV

RCS

Mars excursion vehicle
Multi-layer insulation
Millimeter (=0.001 meter)
Monomethylhydrazine
Manned Mars vehicle

Mars orbit capture

Mars orbit insertion

Module -

Materials and processes

Main propulsion system
Mixture ratio

Meters per second

Marshall Space Flight Center
Million pounds per square inch
Metric tons (thousands of kilograms)
Metric tons

Mean time between failures
Mars transfer vehicle
Megawatts electric

Cubic Meters

Newton. Kilogram-meters per second squared
Not applicable

National Aeronautics and Space Administration
National Council on Radiation Protection
Nuclear-electric propulsion

Nuclear engine for rocket vehicle application
Nuclear safe orbit

Nuclear thermal rocket

Nitrogen tetroxide

Orbital support equipment

Optimal Trajectories by Implicit Simulation program
Qutbound

Oxygen

Particle bed reactor
Chamber pressure
Polyether-cther ketone
Powered Earth gravity assist
Payload

Personnel orbital transfer vehicle
Potable water 1
Power processing unit
Propellant

Pounds per square inch
Photovoltaic

Heat flux (Joules per square centimeter)
Radiation quality factor

Right ascension of ascending node
Reaction control system
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RMLEO
RPM
RWA

SAA
SAIC
SEI
SEP
SI
SiC
SMA
sol
SPE
SRB
SSF
SSME
STCAEM
stg
surf
Sv

S1

S3

TBD
Tc
TCS

t.f.
THC

TPS
TT&C
W

UN-W/25Re
VAB

VCS
Vinf

WBe2C/B4C
WwW/O

WP-01
w/sq cm

Reynolds number
Radio frequency

Resupply mass in low Earth orbit e

Revolutions per minute
Relative wind angle
Research and Development
Rendezvous and dock

South Atlantic Anomaly

Science Applications International Corporation

Space Exploration Initative

Solar-electric propulsion

International system of units (metric system)

Silicon carbide

Semimajor axis

Solar day (24.6 hours for Mars)

Soalr proton events

Solid Rocket Booster

Space Station Freedom

Space Shuttle Main Engine

gpacc Transfer Concepts and Analysis for Exploration Missions
ta

Sur%:ce

Sieviert (SI unit of dose equivalent = Gy x Q)

Distance along aerobrake surface forward of the stagnation point

Distance along aerobrake surface aft of the stagnation point

Distance along aerobrake surface starboard of the stagnation point

Metric tons (1000kg)

To be determined

Chamber

Thermal control system
Trans-Earth injection
Trans-Earth injection stage
Tank weight factor
Temperature and humidity control
Trans-Mars injection
Trans-Mars injection stage
Thermal protection system
Tracking, telemetry, and control
Thrust to weight ratio

Uranium nitride - Tungsten/25% Rhenium reactor fuel

Vehicle Assembly Building
Vapor coolled shield
Velocity at infinity

Tungsten beryllium cabide/Boron cabide composite
Waste management system

Without

Work package 1 (of SSF)

Watts per square centimeter (should be Wem-2)
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A Atomic number
Zero g An unaccelerated frame of reference, free-fall

[order: numbers followed by greek letters]

100K <100,000 particles per cubic meter larger than 0.5 micron in diameter
- In7 Where n=(0,2-6): Boeing Company jet transport model numbers

% Kelvin (K)

+e Positive charge equal to charge on electron

- Charge on electron

AV Change in velocity

c Standard deviation

Hg Microgravity
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Concept Development
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EVOLUTION OF THE SOLAR E_LECTRIC PROPULSION (SEP) VEHICLE

TECHNICAL ARCHITECTURE PRESUMED LEVEL I REQUIREMENTS -
During the course of the STCAEM study, and particularly during the 90 Day Study, many SEI
(then HEI) transportation requirements were generated by Office of Exploration Level II. These
are reported as appropriate and necessary in various sections of this report, as well as in the
STCAEM Implementation Plan & Element Description Document technical volumes. Here, space
only permits a summary discussion of the Level I requirements adopted by STCAEM as they
evolved during the course of the study. The concepts developed and analyzed ultimately were to
accommodate the in-space transportation functions required to support the buildup of a permanent
presence on the Moon and initial human exploration of Mars. Thus, our Level I requirement was
simply to deliver cargo reliably to the surfaces of the Moon and Mars, and to get
people to those places and back safely. Vehicles in support of missions to other
destinations are not part of SEI per se, and were not addressed by STCAEM. Planet surface
system characteristics and Earth-to-orbit (ETO) launch vehicle characteristics were adopted as
needed for manifesting purposes, largely intact from other sources. No design work was
performed for these two categorices. In addition, the mission planning horizon was limited to the
year 2025, about 35 years from now.

The chief Level II requirement governing the dimensions of the vehicle concepts we
developed came to us during the 90 Day Study, and was a crew size of 4 for Mars missions.
Subsequently, STCAEM performed a simple skill mix analysis or these long-duration missions.
Our result was that doubling up on critical skills (for redundancy), given reasonable expectations
of how many skills each crew member could become expert in, requires in fact a minimum of 6-
7 crew members for Mars missions. For the sake of consistency, our vehicle concepts are
shown comparable to the 90 Day Study results, sized for four crew. Impacts accruing from
larger crew sizes are discussed in Section x.3.

CONCEPT DEVELOPMENT METHODOLOGY - A vehicle concept emerges gradually
through the iterative combination of requirements analysis, subsystems analysis, mass synthesis,
performance analysis and configuration design. Because of the cascading, cause-and-effect nature
of speciﬁc technical decisions in this cyclic process, the ability for a particular concept to remain
fully parametric is incrementally lost, sacrificed for dépth of detailing. “The need to penetrate
deeply even at the conceptual stage is twofold: (1) to uncover subtle integration interactions

D615-10026-4 : 15
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whose ramifications fundamentally revise the concept as they reflect back up the information
hierarchy; and (2) to enable the productién of graphical images of the concepts capable of being
communicated widely but grounded firmly in engineering detail. If circumstances allow the
concept development process to engage many cycles of reflexive adjustment, from requirements all
the way down through subsystem detailing, the design oscillations subside eventually and the
product that emerges is a robust and defensible concept. Basic differences in problems posed and
solutions engineered lead concept developments in different directions. "Like" problems and
solutions gravitate together; their recombination and resolution results in distinct, identifiable
vehicle concepts which constitute vehicle archerypes. A concept is archerypal if it spawns concept
progeny whose ancestry is clear, and if in so doing its salient features recognizably survive
subsequent refinement, development and scaling. The ultimate purpose of the STCAEM Concepts
and Evolution tasks was to generate, analyze, evaluate and describe such vehicle archetypes, and
the role they could play in human space exploration missions.

The STCAEM architecture analysis identified seven major classes of transportation
architecture for SEI lunar and Mars missions. Some are derived from different propulsion
technology candidates; some are derived from distinct mission philosophies independent of
propulsion method; most have many sub-options. Vehicle archetypes are keyed more closely to
propulsion method than to mission mode, however, so we found that all seven SEI transportation
architectures can be accomplished by derivative combinations of just five archetypal Mars transfer
vehicle (MTV) concepts, twO archetypal Mars excursion vehicle (MEV) concepts, and one
archetypal lunar transportation family (LTF) concept. The concept evolution of these archetypes is
outlined in the Major Trades IP&ED book.

DESIGN AND NECKDOWN CRITERIA - STCAEM concept development was punctuated
by four "neckdowns”, which winnowed down the option candidates generated at each successive
level of detail throughout the study. The four neckdowns were intended to result in: (1) feasible
options, based on promising propulsion technologies capable of performing SEI-class missions;
(2) preferred options, representing the handful of candidates whose performance and
technological readiness were judged to warrant detailed study; (3) integrated concepts, vehicle
archetypes developed sufficiently to uncover their major integration concerns and architectural
context ; and (4) detailed concepts, based on the reconciled integration of traded subsystems.
The 90 Day Study occurred such that the first two neckdowns were effectively reversed
cryogenically propelled, aerobraking technology was necessarily preferred at that time, due to
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depth of understanding. However, STCAEM later rounded out the picture by completing all four
neckdown activities, in an ongoing manner throughout the study.

Studying the program architecture implications of various technology options for SEI
missions led to the conclusion that the most generally accessible discriminators, cosr and risk, are
driven by more subtle technical discriminators than, for instance, initial mass in low Earth orbit
(IMLEO). These can be grouped into three broad categories: feasibility, flexibility, and multi-use
design. As indicated above, feasibility was the first filter for all concepts considered by STCAEM.
Flexibility has three components: (1) robustness, which is the ability to perform nominally
despite variable or unanticipated conditions; (2) resiliency, which is the ability to recover from
accidental delays or mishaps; and (3) evolution, which is an adaptation over time to changing
requirements. Flexibility is thus a measure of a program's technical strength and safety in the face
of variable extrinsic factors. Multi-use design has two components: (1) re-usability, which
means using the same hardware item more than once; and (2) commonality, which means using
the same hardware design in more than one setting. Multi-use design is thus a measure of a
program's cost-effectiveness and intrinsic longevity. These two key architecture drivers were
paramount in interpreting the results of STCAEM's technical trade studies, and figured
prominently in the development of element concepts.

MARS TRANSPORTATION - Four Mars transfer propulsion candidates survived all
STCAEM neckdowns: cryogenic chemical, nuclear thermal, nuclear electric, and solar electric.
Analysis of aerobraking resulted in two performance ranges of interest for Mars entry (hypersonic
L/D =0.5, and L/D = 1.0), as well as the use of high-energy aerobraking (HEAB) for capture at
Mars. Consequently, the five archetypal MTV concepts are based respectively on:
cryogenic/aerobraking (CAB), cryogenic all-propulsive (CAP), nuclear thermal rocket (NTR),
nuclear electric (NEP), and solar electric (SEP) propulsion technologies. The two archetypal MEV
concepts are based on the "low" and "high" L/D performance ranges analyzed.

SEP - Solar electric propulsion represents a non-nuclear, "decentralized” and extremely redundant
STCAEM approach to advanced propulsion for SEI missions. It is not, however, a "low-tech"
solution to Mars transportation as is commonly held. First, the technology associated with large
electric engines is the same for SEP as it is for NEP, because in each case individual 1 MWe
engines are ganged together to achieve the appropriate power level. Second, SEP challenges our
lightweight, large space structures (LSS) technology more than any other SEI concept. The
reference SEP is 203 m on a side, covering an area equivalent to 9.24 football fields; yet its
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supporting structure must have a mass on the order of only 15t. Surface accuracy requirements
are orders of magnitude less stringent for the SEP photovoltaic (PV) arrays than for high-
precision, large space antennas studied in the LSS literature, but the design, fabrication,
deployment and maintenance of LSS of SEP-scale remains unvalidated empirically. Third, the
size, fragility and unit-repetition appropriate for SEP concepts absolutely requires robotic-mediated
maintenance. The positive side of this is that addressing robotic requirements for SEP may help us
face up to the necessity and utility of state-of-the-art automation for other vehicle concepts as well.
Finally, high-performance, robust, sufficiently lightweight and low-cost PV assemblies have yet to
be demonstrated either. The usefulness of SEP hinges critically on our ability to fabricate acres of
advanced PV assemblies economically.

Early STCAEM versions of SEP vehicle concepts presumed motorized unfurling of
diaphanous, flexible PV blankets across a skeleton of ribs diagonalized by cables. Engine plume
impingement of the arrays and structure was avoided by locating two engine assemblies at opposite
ends of a long, truss outrigger. The thermal rejection system for the electrical power management
and distribution (PMAD) system was centralized in two areas with dedicated radiators. Further
investigation of current thinking on practical concepts for LSS led us to adopt the area-truss
approach as the only way to get requisite stiffness and remain lightweight. The bay size selected
was 7 m, as this limits parts count while not exceeding a reasonable span for projected,
strengthened PV blanket technology. The blankets themselves consist of an iso-stress mesh of
kevlar fibers to which are bonded stiffened, 4 cm advanced tandem solar cells. The need for
engine outriggers was avoided by locating the twin engine assemblies at opposite corners of the
square vehicle structure. The vehicle thus sweeps back at 45° angles from the nominal thrust line,
and our presumed impingement envelope (a combination of £20° for plume spreading and * 20°
for engine gimballing) was only 40°. To first order, the thrust line is in-plane with the vehicle
because the solar arrays must be sun-facing, while the thrust must average tangenual to the transfer
orbit.

The STCAEM SEP reference vehicle has an extremely large number of identical parts, and
was developed along with a matching robotic assembly, deployment and maintenance scenario.
Two kinds of robots are envisioned: (1) a dextrous truss-builder with the ability to move about the
vehicle, top or bottom, inspect critical systems and change out defective components; and (2) an
array-paver, capable of accepting cassettes consisting of pre-integrated, rolled PV blankets. The
paver would attach the blanket to the vehicle structure, removing and rolling up the blanket's
protective packaging sheet as it progressed in one-bay-wide strips. On the SEP's first flight, the
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paver would deploy the sacrificial transfer array, undeploy it once beyond the van Allen belts, and
subsequently deploy the full, main array for interplanetary flight.

ARTIFICIAL GRAVITY (SEP) - The need for artificial gravity on long-duration
interplanetary transfers has not been established. Neither has the lack of such a need, however, so
STCAEM was obligated to examine the penaldes incurred by requiring continuous artificial gravity
en route between Earth and Mars. Various approaches to rotating artificial gravity have been
proposed; STCAEM assessed all of them, and invented some new ones. The fundamental design
problems associated with artificial gravity derive from: (1) the need for a countermass for rotation;
and (2) the high mass cost of precessing the angular momentum vector of a system having large
rotational energy. Elegant solutions to both are elusive, and vary widely with propulsion option.
Secondary complications are communications and navigation pointing, flight structures sized to
hang heavy vehicles, and possibly material fatigue. The fundamental operations problems
associated with artificial gravity involve crew EVAs during rotation, robotic maintenance in the
vehicle's gravity field, crew physiological and psychological responses to a rotating environment,
performing minor course-correction propulsive maneuvers and testing the capability prior to
departure. Our work has verified that artificial gravity appears feasible for Mars-class missions,
for all propulsion options, at fairly modest mass penalties.

Vehicles based on electric propulsion pose the toughest integration challenge of all
for artificial gravity. Being low-thrust systems, they must burn for a substantial fraction of the
transfer ime. One simple approach is to rotate the vehicle only during the mid-transfer coast
period (1 - 2 months) and upon arrival at Mars (if a conjunction profile is used to allow long stay
times in Mars space). In case intermittent artificial gravity is an insufficient solution, however, it is
important to develop full-blown alternatives. STCAEM examined several configuration optons.
Required thrust vector histories for low-thrust transfers are not completely understood at this time.
Another simple approach would be to keep the thrust vector attitude constant in space, avoiding a
need for spin-vector precession. To first order, however, it appears that such repointing would be
required, and it is expensive propulsively. We examined using a "cross-product” electric engine
located on a long outrigger; even with generous configuration assumptions, the mass penalty is
about 10 % of IMLEO. If the spin vector is normal to the transfer plane, little repointing would
be required, and we selected this option for both NEP and SEP. We solved the problem of what to
use for countermass (particularly acute for the SEP) by baselining a new invention called the
"eccentric rotator”. With this approach, everything on the vehicle except the habitable and payload
systems is the countermass. This leads to the despun electric engines themselves tracing out small
circles rather than lying along the spin axis. However, their attitude (all that counts for low-thrust
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propulsion) canrcg:gaggﬂgggntﬁgnd the CM excursion is typically small (of order a few meters

for NEP and a few tens of meters for SEP) so the gravity loads on the propulsion system are.

small. The dynamics of such rotating vehicles are not yet fully studied. Mass penalties as well as
trip-time penalties appear small, of order 5 % of IMLEO for NEP including a spinup/spindown
propellant budget presuming efficient electric thrusting for that purpose. SEP suffers more
complications because its distributed structure is so fragile. Effects of the 4 rpm cyclic loading,
and the bending moment introduced into the fragile structure by the unbalanced rotor, remain
unstudied. Gravity loading of the main truss structure in the eccentric rotator configuration is as
high as 0.46 g, and preliminary estimates of the vehicle's structure mass were increased 20 %
over the microgravity version to accommodate this (because the SEP structure amounts to only
14 % of the vehicle incnsv, however, this results in an inerts increase of 2.6 %).
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Low-L/D Mars Excursion Vehicle (MEV) - The MEV archetype development began during, and
was resolved just following, the NASA 90 Day Study. It was originally conceived as a means of
delivering 25t of undefined payload to the surface of Mars. However, the specification of crew
cab provisions, the analysis of vehicle mass balance, and consequently the configuration design of
the vehicle all depend on specifics of the payload manifest. We assurmned a 20 t reference surface
module as an integral part of the MEV. Thisled toa "Mars campsite" design intended to support a
crew of four for 30 - 60 d and became or standard lander design. Chief departures from the
lunar campsite mode of operation were:

D The MEV arrives with the crew already onboard, and so is capable of a really self-
contained mission.

2) The MEV also brings with it an ascent vehicle (MAV) with a separate propulsion system,
configured optimally for the ascent phase (or ascent after breakaway from the descent stage during
a descent abort). The crew cab for the MAYV is the operations bridge for the MEV during all its
mission phases.

3) The MEYV is configured for packaging within an L/D=0.5 aerobrake. For CAB
missions, this brake captures the as-yet unmanned MEYV into Mars orbit autonomously, before
rendezvous with the MTV, and is used again for the descent. For CAP and other types of
missions with propulsive Mars orbit capture, this brake is used only for descent. In all design
cases, terminal descent engines are extended through ports in the windward surface of the brake at
low Mach number, and the brake is jettisoned subsequently, prior to touchdown.

The MEV configuration was developed to permit later removal and relocation of the surface
habitat module, with the aid of surface construction equipment. A variant of the MEV, without
either surface module or MAV, was analyzed for delivery of heavy cargo on unmanned missions.
A quick assessment was made of the feasibility of re-using an MEV, presuming in situ production
of oxygen and retention of the aerobrake until touchdown. The outcome was positive, although:
(1) additional brake hatches appeared necessary for landing gear deployment, crew egress, and
cargo offloading; and (2) a lightweight top-shroud appeared advisable due to acrodynamic drag on
ascent, and to permit the crew bridge to protrude beyond the presumed wake-protection limit for
direct surface viewing during terminal approach. Configuration options for a "split-stage” MEV,
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in which the same, or a portion of the same, propulsion system is used for ascent as for terminal
descent, were also investigated, and shown to be simple variations of the archetype.

Our baseline acrobrake assembly concept presumed robotic-mediated final assembly of pre-
finished, rigid aerobrake segments at Freedom. Packaging such segments efficiently by nesting
them in an ETO launch shroud is made challenging because of: (1) the aerobrake's asymmetrical,
deep-bowl shape, in which the maximum depth of a typical "slice” is comparable to reasonable
shroud diameters; and (2) the aerobrake's lip, required for both aerodynamic performance and
structural stiffening around the free brake edge. Subsequent manifesting analysis, in which
segments were configured according to an initial rib-and-spar structure concept, indicated that two
ETO flights would be required to launch a single aerobrake in several pieces. Such extremely
volume-limited and volume-inefficient manifesting is an unacceptably poor use of the expensively
developed capability that a heavy-lift ETO system represents.

In response to this manifesting problem, STCAEM proposed the "integral launch” concept,
in which a fully assembled, integrated acrobrake s launched externally, mounted on the side of the
Jaunch vehicle exactly analogous to current STS operations. The low-L/D brake is comparable to
the STS orbiter in linear dimensions, and is light enough to launch two at once, with capacity to
spare for other, shrouded payload as well. Ascent performance of such a flight configuration
requires study; the critical question is whether ascent loads would size the aerobrake structure out
of the competitive mass range for the mission itself.

Our structural analysis indicates that since the deep bowl-shaped aerobrake loads like a
doubly-curved shell, it may be possible to construct an actual "aeroshell" without resorting to ribs
and spars or some other articulated skeletal structure system. The shell would be made of a
relatively thin honeycomb-type material system with integral TPS. However, lip buckling would
still require a stff rim, probably facilitated by a closed-tube-section structure. Such a brake may be
lighter, and ccrtainly simpler, but the thickened rim would still cause packaging problems due to
nesting interference.
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High-L/D Reusable Mars Excursion Vehicle (RMEV) - The RMEV archetype development
occurred in response to three drivers:

(1) Analysis so far indicates that L/D =0.5 is sufficient at Mars for controlling an aero-
vehicle at Mars. However, the existence of some mission design studies in the literature which
advocate L/D > 1.5 for Mars, combined with our preliminary understanding of controllability
under Mars conditions, make it important to know in detail how different the configuration
constraints imposed by higher L/D would be from those imposed by the lower L/D (which by
1989 had come to be regarded generally as appropriate).

2) As the 90 Day Study stimulated thinking about what the purpose of SEI Mars surface
missions should be, concern developed that global, or at least wide, access to the surface of Mars
was potcntiall‘y important. High-thrust Mars transfer propulsion systems (chemical or NTR) tend
to be mass-constrained by arrival and departure vector geometry to certain parking orbit conditions.
Although there is no lack of interesting (scientifically important) landing sites accessible from the
periapsis of any orbit at Mars, the fact that performance-optimized parking orbits are unique for
each high-thrust opportunity causes a site-access problem if returning to the same surface site is
required (for base buildup). Thus for high-thrust transfer propulsion options particularly, an
ability to achieve cross-range on lander entry may be important. High L/D enables greater cross-
range capability.

3) Certain Mars lander issues not imposed as requirements during the 90 Day Study required
analysis and design validation. Developing a new MEV concept, substantially different from the
baseline MEV, allowed us to investigate those issues simultaneously and thoroughly. Specifically,
we addressed: (1) a deep aerobrake structure concept, of interest for maximum structural
efficiency and therefore reduced brake mass; (2) the ability to deliver large-envelope cargo
manifests, represented in our design by a long-duration surface habitat module sized for 10 crew;
and (3) re-usability of the MEV, based on in situ production of cryogenic propellant.

The vehicle shape represented by the RMEV has applications for other interesting mission
modes, concepts for which have yet to be investigated in detail. Three examples are: (1) a smaller
RMEYV, sized commensurately with the MEV to be a modest cargo-delivery vehicle; (2) a direct-
landing MTV, whose return propellant would be manufactured in situ on Mars; and (3) re-usable
aerobraked "taxi" vehicles capable of performing the Earth-Mars cycler embark/debark function.
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Solar Electric Propulsion (SEP)

The SEP vehicle uses thrust obtained as a result of charged particles accelerated
through an electric field. Argon propellant is first ionized in the thruster discharge
chamber. The propellant, which is in a plasma state, is contained within the discharge
chamber by a magnetic field. The propellant then "drifts” towards the accelerating grid
where the charged particles are repelled out at an extremely high velocity. The charged
particles must then be neutralized to prevent them from coming back to the spacecraft,
which would negate thrust. An issue confronting the propulsion system involves the
expected lifetime of the thrusters due to cathode and grid erosion. Expected thruster
lifetime is 10,000-20,000 hrs.

The SEP creates electrical power necessary for the propulsion system by converting
energy from the sun into electricity through the use of photovoltic solar arrays. The solar
array is configured in multiple strings to insure redundancy. The loss of individual cells to
debris and degradation damage is taken into account within the design. Direct screen drive
enables the elimination of high voltage (2000 volts DC) power processors. Low voltage
(20-32 volts DC) power processors are still needed for heaters, ionizing potential, and
other misc. The power generated from the arrays is piped to the thruster pods where the
jon engines are located. Expected power plant lifetime is 10 years.

From the mission analysis for various forms of the vehicle indicate that reasonable power
levels of 8-15 MW with trip times of 540-620 days , at vehicle specific mass (alpha) from
8-12 kg/kW will yield reasonably low IMLEOs. The use of certain types of gravity assists
in flight, around the Moon, Earth and Mars may be employed to reduce trip time or vehicle
preservation (flyby and recover). Other techniques, such as an expendable solar array for
transfer through the van Allen belts, or staging at L2 may be used to reduce the stress on
the vehicle.

D615-10026-4 15
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Solar Electric Propulsion Vehicle
Reference Configuration

The solar electric propulsion (SEP) Mars transfer concept is the only non-nuclear
advanced propulsion option. It offers advantages of the lowest IMLEO of the four
reference vehicles; a reusable, extremely high Isp (5,000 sec) system; a fully propulsive
capture at Mars and Earth which avoids the need for high energy aerobraking; good
mission flexibility (relative insensitivity to mission opportunity, capture orbit
astrodynamics, or changes in payload mass) and low resupply mass (the argon propellent
required amounts to roughly a third of total vehicle mass). Disadvantages include
uncertainty about how economical the production of acres of solar arrays can become, and
the need to deploy and control a relatively fragile vehicle, which is bigger than six football

fields, in space.
Nominal Mission Outline

 The SEP vehicle is assembled and checked out in LEO

« TMI is a slow spiral out of Earth's gravity well

+ Just prior to Earth escape, the crew transfers onboard using an LTV

« Thrust continues throughout the interplanetary transfer, first accelerating relative
to Earth and then decelerating relative to Mars, except for a 45 - 60 day no-
thrust hiatus enroute.

o MTV flies by Mars with low relative encounter velocity

« MEYV separates from MTV for aeroentry

« MEV descends to surface, jettisoning acrobrake prior to landing

« Surface operations ensue

« MTV continues decelerating into loosely captured, highly elliptical orbit

« Ascent vehicle leaves descent stage and surface payload on surface

« MAV rendezvous occurs at MTV periapsis; berihing and crew transfer

« MAYV jettisoned in Mars orbit '

« Reversal of interplanetary acceleration / coast / deceleration sequence

« Crew departs MTV for direct entry at Earth

« MTV spirals back to LEO for refurbishment (optional loose capture at L2 is
attractive, if refurbishment infrastructure is available there and if resupply trips
from LEO use EP or beamed power propulsion for high efficiency)

D615-10026-4
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Vehicle Systems

Primary vehicle systcms are: power plant; main propulsion; vehicle bus; and
crew systems. :

Power plant - The power plant consists primarily of a field of solar arrays kept normal to
the sun line at all times. The solar array area required to produce 10 MWe of power is
~ 35,000 m? and is maintained sufficiently rigid and in position by a deployable area
truss (spaceframe) one bay deep. Details of deployment of the lightweight solar cell
blankets across the structure are not yet worked out.

Propulsion - The propulsion system includes engine assembly, propellant storage
subsystem, and plumbing components, split into two identical modules located at distal
ends of the vehicle bus. Each engine assembly has five individual ion thrusters (the total
of ten includes two spares)ina 5x 8 rectangular array. Each thruster is 1 m wide by
5m long; beam neutralizers are located between the thrusters. The argon propellant is
stored cryogenically in insulated, spherical tanks, mounted on the forward 'sides of the
engine assemblies via structural and fluid quick-disconnects. Including tanks, the
propellant storage system masses about 35% overall vehicle IMLEOQ. This relatively low
propellant mass is a strong resupply advantage.

Yehicle bus - Thrust loads are extremely low for the electric propulsion (EP) system.
Probable maximum loading is from impulses like attatude control system (ACS) firings,
berthing operauons, and construction and maintenance activity. The primary vehicle bus
structure has two components: the area truss covered by the solar array ficld, and truss
outriggers extending sufficiently far beyond the edge of the solar array that the jon engine
plumes do not impinge on, and therefore erode, the power system. The crew systems are
attached to the underbelly of the area truss (in the center for mass balance). Two
communications satellites are also attached to the truss near the crew systems, to be
deployed in Mars orbit for maintaining communication with Earth. Also mounted to the
truss near the habitation system are thermal radiators for the power conditioning equipment.

D615-10026-4 34
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Crew systems - The crew systems consist of a long-duration transit habitat and one or more
MEV:s (the reference design shows one MEV). All habitable volumes are contiguous
throughout each mission. Electric propulsion has the least sensitivity to increased payload
mass, SO an important option is provisiim for multiple MEVs. A multiple docking adapter
(not shown), would allow several MEVs to be used without altering the vehicle
configuration (additional propellant tanks would be required).
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Reference Matrix to Alternative Architectures

In considering a complex task, it is useful to organize it into a heirarchy of levels. The
higher levels are more important or more encompassings, while the lower levels include
more detail or are more specific. Constraints (e.g., requirements and schedules) flow
down from the higher levels and solutions or implementations build up from the lower
levels. The first figure shows a heirarchy of six levels from national goals to performing
subsystems. The following section discusses the fourth level, exploration architectures. in
terms of the lower levels: element concepts and performing subsystems. Selection of
preferred architectures will require the Government (the National Space Council, the
President, and the Congress) to first define the top three levels.

Implementation Architectures

Seven architectures have been selected for examination: four different propulsion types
(Cryogenic/Aerobrake, NEP, SEP, and NTR); two variations of In-Situ Resource
Utilization (ISRU) for propellants with Cryogenic/Aerobrake propulsion (Lagrange point 2
refueling and Mars surface refueling); and a cycling spacecraft concept. Three basic levels
of program scope are identified: small, moderate, and ambitious.

Multiple options can be generated within the basic architectures, varying launch vehicle
capacity, orbital node type, and mission profile and propulsion type for the various Lunar
and Mars vehicles.

Aerobraking is found to be applicable to all seven architectures, placing it as a 'critical’
technology. Electric propulsion leads to the lowest reference vehicle mass, and also almost
the lowest resupply mass. ISRU/Cryo leads to the lowest estimated resupply mass since
most of the propeliant is derived locally rather than coming from Earth. .

Cost Models

Cost estimation is being performed using "parametric" methods. This technique uses a
parameter, usually weight, as an input to empirically derived equations that relate the
parameter to cost. It should be recognized that the source data for the cost models is past
program experience, while the hardware being estimated will be built one or two decades
from now. Therefore these cost estimates should be assumed to have a standard deviation
on the order of +100%. Hardware at technology readiness level 5 may be assumed to
have a standard deviation in cost estimate of +30%. No revenues from sale of products,
services, or rights (i.e. patent rights, data rights), or commercial investment, are assumed

in the cost estimates. These might appearin a scenario such as the Energy Enterprise.

Aa an example, the cost estimate for a NEP architecture shows an average annual funding
level of $8 billion per year after initial ramp-up.

The principal cost drivers identified include number of development projects, reuseability,
mass in Earth orbit, and mission/operational flexibiliry.

Analysis Methods

Individual trade studies are performed within each architecture to optimize it against
evaluation criteria. The principal evaluation criteria to date has been initial mass in low
Earth orbit, as a proxy for cost. The results of this optimization will then be compared to.
each other in groups. The early Mars group will compare all-propulsive, aerobraking,
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direct ravel, and nuclear thermal among themselves. The electric propulsion group will
compare SEP and NEP. The innovative group will compare Lunar oxygen to cycler orbits.
These concepts may both be retained if it is advantageous to do so. Finally, the choice
berween early Mars and Late/Evolving Mars will need to be made on the basis of cost. risk.
and performance, while combining the best features from each group.
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Reference and Alternate Missions

Note: Contains material formerly in Mission Analysis
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SEP Mission Analysis

Contained within this section are the following:
« Groundrules for the Mars SEP study
+ Propulsion option comparison assumptions
« Propuision option comparison
 SEP mission profile schematic
« Low thrust mission analysis methodology
» SEP performance parameters
« Trajectory optimization
+ Earth gravity well spiral analysis
« Transfer array trade results
« Gravity assist definitions
+ Gravity assist results o
« Optimum low thrust round trip Earth-Mars mission and
system design parameters: Byrd Tucker,SRS,Dec. 27, 1990

Our initial objective for SEP mission analysis was to determine an optimum power
level and Isp for a range of projected vehicle alpha's. This information was used to
develop a vehicle concept of that class. The results of our initial analysis showed that a
vehicle alpha of 10 kg/kW would have an optimum power level in the 10 MWe range. This
power level would permit manned trip times that were competitive with chemical
propulsion for and assumed 121 t payload. Previous SEP Mars mission studies were
primarily aimed at lower power levels because electric propulsion was thought of as a cargo
carrier only. Our analysis, in conjunction with the other propulsion option analysis,
showed that SEP is a serious contender for manned Mars missions. As time progresses a
more detailed vehicle will be developed, allowing more accurate analysis to be performed.
Further analysis will still reveal solutions that are in the same class as current analysis.
Since vehicle alpha's play such an important role in vehicle performance, this technology
area shouldbe given serious attention early in the development program.
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Mission analysis for various vehicles has revealed that power levels around 8-15
MW offer reasonable trip times and low IMLEO. Increasing power raises the thrust level,
but the vehicle alpha (vehicle specific mass, kg/kW) remains the same, resultng in a higher
vehicle mass. When both the power plant mass and the power level increase you enter the
dilemma of more power to push more mass. In other words, there is a point where
increasing power level doesn't buy much since the mass has gone up as well. Since the
vehicle is dominated by solar arrays, structure, and ion engines, the vehicle alpha doesn't
decrease as it does for the NEP. Typical vehicle alpha's associated with SEP are in the 8-
12 kg/kW for multi-megawart vehicles. Typical trip times for these types of vehicles are on
the order of 540-620 days. '

Certain gravity assists offer significant benefits for electric propulsion, without
imposing launch window restrictions. The gravity assists that offer benefits are a Lunar,
Mars, and Earth fly-bys. During Earth Escape The vehicle swings by the moon to gain a
velocity boost on the order of 600-1000 mys. During a Mars fly-by, the vehicle approaches
Mars with excess velocity, drops the MEV off, and continues in heliocentric space in close
proximity to Mars. When the vehicle decelerates enough to capture at Mars, The vehicle
enters a highly elliptic orbit to allow the MEV multiple attempts to rendezvous with the
transfer vehicle. The time frame for vehicle deceleration and Mars capture is calculated to
be the same as the surface stay time. An Earth fly-by is similar to a Mars fly-by in the
sense that the vehicle starts the deceleration phase of the mission leg later than it normally
would. As the transfer vehicle approaches the Earth with excess velocity, the crew is
dropped off and the vehicle continues in heliocentric space. When an Earth fly-by is
employed, the transfer vehicle cannot rendezvous back with the Earth for a considerable
length of time (~200 days) This length of time may be detrimental to thruster lifetime.
Therefore, the recommended gravity assists are Lunar and Mars fly-bys. These fly-bys can
offer trip time reductions on the order of 40 days total.

" A major operational issue confronting the SEP involves the Earth escape spiral.
The baseline operational mode calls for crew rendezvous with the SEP a few days prior to
Earth escape via Lunar Transfer Vehicle. The Earth escape sp1ra1 takes 50-100 days in the
10 MW range, spending to much time in the Van Allen belts for possible crew exposure.
Radiation associated with the Van Allen belts causes considerable damage to the solar array
while the SEP passes through the belts. Due to this degradation, the SEP must somechow
get through the belts without the intqrplarictary array. Three possible solutions to this
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dilemma is (1) transfer by chemical boost stage, (2) ransfer array scenario, or (3) transfer
by a beamed power EOTV. A chemical boost stage would effectively double the IMLEO of
the SEP, and is not recommended as a solution. The SEP truss structure is also not sized
for the loads of a high thrust system. A promising solution is to carry 2 arrays; one array
for the interplanetary transfer and one array for the Earth escape spiral. Once the vehicle
has passed through the belts, it drops the transfer array ata location where the array could
possibly be used by another operation (beamed power) and deploys the main array. On
subsequent missions, the SEP can stage at 1.2 and have resupply requirements furnished by
a beamed power EOTV. '
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2-5354-WGV90-078

29 November, 1990 7

To: Brad Cothran M/S JX-23
c: John Hardta M/S 82-26

Dana Andrews M/S 8K-02

Vince Weldon M/S 82-48
Subject: Conjunction-Class Missions to Mars Using Solar Electric Propulsion
References: )
1) Johnson, F. T., "Improvement of the QUICKTOP Digital Computer Program

(CHEBYTOP II)," D180-15371-1, April, 1973.

Discussion:
Trade studies were performed for the proposed conjunction class manned Mars mission

using solar electric propulsion. A nominal case for the 2016 opportunity was generated with
rendezvous conditions at all encounters, and the result of adding a Mars flyby leg was studied.
Trades were then performed in which power level and vehicle specific mass were varied, and
specific impulse was varied for each power level at a fixed specific mass. Using a baseline case of
10 MW, specific impulse (Isp) of 6500 seconds and a vehicle specific mass (alpha) of 10 kg/kW,
trajectories were generated for each of the opportunities between the years 2010 and 2026. Four
different power degradation (with distance from the Sun) curves were then compared for a given

vehicle.

G

Assumptions for the study were as follows:

« Variables included flyby leg duration, Isp, initial mass in orbit, power level,
alpha, launch date and power degradaton curve.

» Trip time was defined as Earth escape to Mars and return to Earth. Mars residence
was not included.

« The equadon used to calculate thruster efficiency was:

0
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n= BB
1 -IlD-T-J2
Isp*go

where DDT=22.96 and BB=0.835, constants from CHEBYTOP (Reference 1).
+ Qutbound payload of 116 MT :
» Inbound payload of 43 MT
» Tankage mass equal to 10% of propellant mass
+ Earth spiral to escape delta V of 4000 meters/second (GEO to escape)
» High elliptical Earth capture orbit
* Mars capture orbit of 24.5 hour (one Martian day) period with perigee altitude of
360 km.
« Vehicle alpha was defined as the ratio of the total inert weight to the power
delivered to the thrusters.

The following tables 1, 2, and 3 show the flyby benefits, vehicle masses, alphas, specific impulses
and trip durations for 600 day Mars residence missions, 2016 opportunity:

Hyperbolic Excess Velocity Flyby Leg Duradon Delivered Payload
(km/sec) (days)_ —

1.93 600 50.2
2.16 500 - 44.4
1.97 400 ] 44.0

0 300 B 42.8
1.40 200 48.2
1.48 100 48.2

0 0 7 43.0

Table 1 Nominal Case and Flyby Benefits

The nominal case in Table 1 consisted of an outbound trip to Mars, 600 day Mars residence time
and a return trip to Earth. A 10 MW vehicle operating at an Isp of 5000 seconds was chosen as the
starting point for the solar electric propulsion (SEP) conjunction class mission study. The vehicle
alpha was 10 kg/kW and its initial mass in geosynchronous Earth orbit (GEO) was 355 MT,
enabling it to deliver the desired payloads to Mars (116 MT) and back to Earth (43 MT). The
vehicle was then allowed to fly by Mars at a finite (optimized) speed and return a specified duraton
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later, reducing the delta V required for the first leg and thus reducing the required propellant mass.
As a result, the payloads delivered to Earth upon return are higher for the flyby cases, and are
shown in Table 1. Note that the payload for the 300 day flyby leg is nearly idendcal to the no
flyby case, as the flyby velocity optimizes (?) to be zero. The zero value could be a result of the
optimizer stopping on a local minimum. In any case, the flyby leg generally reduces the delta V
requirement of the Earth to Mars leg. However, from a mission practicality/safety standpoint, the
benefit may not be worth the inconvenience of not having a return vehicle nearby.

Inigal Mass in Low Power Total Vehicle Alpha Trip Time
Earth Orbit MT) MW) (kg/kW) (days)
473 15 TZ 460
408 15 10 438
363 15 8 420
390 10 12 457
355 10 10 430
326 10 8 410
295 5 12 555
256 5 10 525
253 5 8 500

Table 2 SEP Power Level Trades

Trades of initial mass versus trip time for three different power levels are shown in Table 2. The
vehicle alpha was varied for each power level, and a Mars residence of 600 days was used. Due to
lower initial power levels and additional power degradation near Mars (power decreases roughly
with the square of the distance from the sun), the SEP vehicles do not have nearly the flexibility in
initial mass versus trip time that the NEP vehicles do. The combination of high Isps and low
power levels limits the total available delta V, forcing the SEP vehicles to fly on low energy
trajectories. As a result, increasing the propellant weight does not necessarily decrease the trip
time, since the total available delta V is thrust-constrained rather than propellant mass-constrained.
Each power level and vehicle combination therefore flies best within a relatively narrow range of
propellant mass fractons. A representative sample is shown above.
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Initial Mass in Low Specific Impulse Power Trip Time
Earth Orbit MT) (sec) MW) | (days)
309 10,000 15 - 445
319 7500 15 ' 445
363 5000 15 420
262 10,000 10 490
265 7500 10 470
326 5000 10 410
218 7500 5 568
253 5000 5 500

Table 3 SEP Isp Trades

Table 3 shows the effect of varying specific impulse for a given power level. All vehicles used an
alpha of 8 kg/kW, since at higher Isps, a low alpha was the only way the 5 MW vehicle could get
to Mars. For the 5§ MW vehicle, an Isp of 5000 is the practical upper limit. Higher Isps result in
such low thrust that the vehicle must lengthen its trip time to well beyond the Hohmann transfer
trip time simply to allow the thrusters enough time to generate the required delta V to complete the
ransfer. At 15 MW, an Isp of 10,000 seconds reduces the initial mass in orbit substantially while
maintaining a reasonable trip time. The 10 MW vehicle operated best at an Isp berween 5000 and
10,000 seconds, and for the remainder of the study a vehicle with an Isp of 6500 seconds was
chosen as a good compromise between low initial mass and reasonable trip times. Factors that
could affect this choice are cost of delivering mass to orbit, feasibility of extremely large structures
for higher power levels, and human tolerance to extended time in space.

D615-10026-4



Oppormnity Launch Date Tﬁp Time Stay Time S
(year) (Julian Date-2440000) (davs) (days)
2010 15110 535 . 450
2012 15875 520 470
2014 16657 .463 500
2016 17452 401 550
2018 18233 372 600
2020 19032 418 550
2022 19800 505 , 500
2024 ' 20570 530 450
2026 21340 - 530 450
Table 4 Trajectory Summaries for 10 MW SEP Vebhicle, Various Opportunities
Using the baseline vehicle (10 MW, alpha=10 kg/kW, Isp=6500 seconds) and trajectory, a trade
was performed in which the year of opportunity was varied through the entire Earth-Mars
opportunity cycle. Results are summarized in Table 4. When arrival and departure from Mars
occurs near the apoapéis of the Martian orbit, Mars is further away from and Earth and is traveling =

slower. Both of these factors require a corresponding increase in necessary total delta V for the
same trajectory geometry. As a result, longer trip times and higher inidal masses in LEO are
required for some of the oppositions than others. The SEP vehicles cannot make up for higher
energy requirements by increasing the delta V (the propellant mass available), so shortening the
stay time is used as a way of maintaining relatively efficient paths on the “more difficult”
opportunities.
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Figure 1 Trip Time and Stay Time for Various Earth-Mars Opportunities

The Mars residence time and trip time as a function of opportunity is illustrated in Figure 1. The
vehicle initial mass in GEO was 322 MT for all cases, and stay time and trip time were varied in
order to produce the required payloads. The 2018 launch opportunity represented in the previous
dara is one of the "easier” opportunities in that Mars is near perigee when the SEP vehicle arrives
and departs. The total distance traveled is shorter and the required delta V is lower.
Correspondingly, trip time is low and stay time can be increased to at least 600 days while stll
maintaining relatively efficient paths to and from Mars. For the difficult opportunities, the delta V
limitations require that the vehicles travel along longer, more efficient paths. To maintain efficient
geometry, stay ime is reduced. For an opportunity that requires significantly more delta V, such
as the 2010 opportunity, a higher power level may be beneficial due to thrusting limitations on
lower-powered vehicles.
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Oppormunity Power Curve Trip Time Stay Time
(see below) (days) (days)
2018 1 372 600
2018 2 383 600
2018 3 - 388 600
2018 4 380 600
2026 1 530 450
2026 2 538 440
2026 3 538 435
2026 4 531 442

Table § Trip Time Variations with Power Degradation Curves

Four power degradation curves were used in this study:

Power Curve 1:
Power Curve 2:
Power Curve 3:
Power Curve 4:

where R_iE distancc from thc Sun in A U s

dlffcrent powcr lcvcl or vchxclc aIpha to bé usch o

D615-10026-4

Reference JPL-50, used in previous studies
P/Py= 5.5989-8.5331*R+5.0004*R**2-1,0463%R**3
P/Py= 5.2461-7.8198*R+4.5087*R**2-0.9352*R**3
P/Py= 4.4917-6.1930*R+3.3679*R**2-0.6667*R**3

The effect of the different powcr dcgradanon curves on tnp umc 1s shown in Table 5 Thc mma.l
mass was held fixed at 322 MT and the stay umc was allowcd to vary forrthc 2026 ¢ opportumry
The powcr curvcs aﬁ?ctcd the mp and stay umc to som: cxtcnt, but in no case did thcy forcc a

]
f



Conclusions: ,

For the more efficient opportunites (e. g. 2016, 2018), a 10 MW vehicle provides a good
compromise between low initial mass in Earth orbit and short travel times to and from Mars. For
the opportunities which require sﬁbstantially more energy, 2 higher power vehicle may improve the
overall performance for the mission.
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1.0 INTRODUCTION

The objective of this task is to determine optimum mission and system design
parameters for both Nuclear Electric Propulsion (NEP) and Solar Electric Propulsion
(SEP) systems performing round trip Earth-Mars. missions in the 2011 two 2028 time
frame, subject 10 & variety of both equality and inequality constraints. The following
constraints are enforced throughout the entire study:

+ Payload at Mars arrival is 124,300 (kgs).

+ Propeliant reserves and tankage is 10% of the propellant loading.

. Mass dropped at Mars is 84000 (kgs). plus the propellant reserves and tankage
for the Earth-to-Mars leg of the mission (including the Earth escape and Mars capture
spirals).

« Payload at Earth retum is 40300 (kgs).

+ Stay time at Mars is 30 days. It is assumed that the crew will exit the low thrust
vehicle and descend to the Mars surface (using a high thrust system) in a relatively
short time . The crew will also ascend using a high thrust sysiem, and will rendezvous
with the low thrust vehicle for the Mars-to-Earth return leg of ‘the trip. However, the
low thrust descent and ascent spiral propellants are included as pant of the low thrust
system being optimized. At Earth departure, it is also assumed that the crew will use a
high thrust system to rendezvous with the low thrust vehicle just before Earth escape.
At Earth retum, the crew will leave the low thrust vehicle before spiralling down into
Earth orbit. Thus, the Earth escape and capture spiral propcllants are charged to the
low thrust system mass, but the spiral times are not counted as par of the mission.

. Minimum acceptable distance of the spacecraft from the sun is 0.3 AU, on
either the outbound or inbound leg of the mission. This constraint never becomes a
factor in this study because the minimum distance on all missions examined is about 0.5

AU.

2.0 SIMULATION AND OPTIMIZATION PROCEDURES

A parameter optimization program, seferred—to—as POP, is used to drive the
optimization process. POP is an acronym for "Parameter Optimization Program.” It can be
interfaced with any system mode] and, when the parameters are communicated properly between the
system model and POP, it will drive the simulation to find the set of parameter values that satsfies all
of the defined constraints and minimizes a cost functional. Both equality and inequality type
constraints are acceptable. System parameters may be designated as fixed (in which case POP

2
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ignores them in its optimization search) or variable (in which case POP allows them to vary in 11s
optimization search). The theoretical foundation for POP is given in Reference 1.

It is well known that SIMPLEX only solves linear systems of equations; thus, an obvious
question is "How is SIMPLEX used to solve nonlinear problems?" The answer is that all the
required partiial derivatives are supplied to SIMPLEX as the coefficients in its system of linear
equations, and the search is constrained to a "linear neighborhood™ of the current system states. In
this way, on any one call to SIMPLEX a linear system of equations is solved and the answers are
returned to POP, which then reevaluates all relevant relationships, with all their nonlinearities, and
sets up to take another step with SIMPLEX. This procedure of sequentially feeding SIMPLEX small
linear chunks of a large nonlinear problem ultimately results in a soluton of the large nonlinear
problem. It is quite surprising how robust POP is in this role. Reference 1 exhibits some results for a
difficult and highy nonlinear problem, but over the years since POP was first developed, it has been
used to solve a host of difficuit nonlinear problems.

One advantage of using POP over several other optimization techniques is the ease with
which the cost functional, the constraints (both equality and inequality types), and the parameters to
be fixed or variable during the optimization can be changed. Any variable in the system model can be
used as a parameter by equivalencing it to a member of the parameter set. Any parameter in the set
can be fixed by simply setting an input flag properly for that parameter. The cost functional or
constraints can be changed by changing the propér equations in the constraint subroutine and
recompiling.

Performing system optimization is somewhat like walking through a mine field, "You never
know what might happen after the next step!” Optimization with POP is no different. The user mus:
be wary of several potential problem areas.

Estimating the partial derivatives is one potential problem area. The partials are estimated
empirically, as indicated in the following equation:

(99-_ _ S (pp+0py) - G (Py)
9Pio op;

where Cj (as i = 1,..,N) represent the cost functional and all the constraints, and pj (as j =
1,....M) represent all variable system parameters. The user must input values for dpj , and the value
for each "8pj" must be chosen such that the resulting matrix of partial derivatives adequately
approximates the matrix of true but unknown partial derivatives. This is not a trivial exercise for
problems that you are not familiar with. POP allows you to set a DEBUG flag in the input so that

you can see the results of G (Pjo+OP)) and C;(pj) and interactively change the 8p; to find values

3
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that result in credible approximations for the partials. You should input values for dp; such that the
differences in the numerator in the equation for the partals retains 4 or § significant digits. Failure to
do this properly can result in much wasted manhours and computer gme.

ining a linear neighborhood of th n . POP
uses input variables called BFAC to control the search region for POP. BFAC is 4 muldple of op; ,
which defines the region within which POP is allowed to vary each Pj on one iteration. POP then
dynamically adjusts BFAC based upon the linearity of the cost functional during each search.When
the cost functional increases with respect to BFAC, POP reduces BFAC by ( 0.75*BFAC).

A maximum (BFMAX) value and a minimum (BFMIN) value are also input. These values
restrict the range of values within which BFAC can vary. BFMIN should be 1.0 if the pj values
have been chosen reasonably. BFMAX is not so easy to specify, and can have a great influence on
the optimization process. If BFMAX is too large it is possible for the process to bounce around from
one local "valley" 10 another, and perhaps never really converge. If BFMAX is too small the process
may move very slowly toward the minimum of a local valley, which may not be the best valley
anyway. POP has no facility for assuring that the local minimum it finds is the global minimum. The
user is responsible for analysing the results and the problem to decide whether the results are in fact
the desired optimum. o ' - ,

Figure 1 shows a macroflow diagram of the POP oprﬁmrizatio’n procedure. After
input and initialization, it calls the sysiem simulation routine with "nominal" values
for all of the parameters to determine nominal system performance. It then varies
each "free" parameter by a prescribed "delta” amount and uses divided fifferences to
empirically estimate the partial derivative of ecach cgé;graim '(i.:. _the cost functibnal.
all equality constraints, and all inequality constraints) with rréépcct to ecach free

parameter.

4
D615-100264

(

)

m

|
|
|

G



PARAV

~(POP) -
INTERFACED WITH SYSTEM SIMULATION. .

INITIALIZATION

SIMULATE NOMINAL SYSTEM T
HTT, DED, TOUT, TSTAY
A RAE, RPE, RAM, RPM,...
ESTIMATE PARTIALS OF
(Ci/Pj) VIA DIVIDED
DIFFERENCES LOW THRUST SYSTEM
- [GN PARAMETERS
Mo, Mpid, Mdrop,
Po, Isp, ALPHA
ESTIMATE DELTA Pj REQUIRED TO
C N R "
SIMPLEX ALGORITHM ("« COST FUNCTIONAL (first) )
Minimize(HTT)
le « EQUALITY CONSTRAINTS
Mipid = m;ld
STOP « INEQUALITY CONSTRAINTS
k R’h 2 RSd- )

Figure 1. Macroflow Diagram of The Parameter Optimization Program
(POP)

The SYSTEM subroutine used in this study is structured using low thrust escape
and capture spiral subroutines based on the results of Reference 2, and low thrust
Earth-Mars and Mars-Earth trajectory subroutines based on the CHEBYTOP development
by The Boeing Company in the late 1960s and early 1970s, as documented in Reference
3.

Figure 2 presents a macroﬁow . diagram of the system subroutine used for this

study. Departure is always from a circular Earth orbit, and the spiral is simulated out to

5
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escape (C3E = 0). CHEBYTOP routines are then called to simulate the trajectory to Mars
capture (C3M = 0). The arrival spiral subroutine simulates the trajectory from C3M = 0
to the specified circular Mars orbit. If the depanure or arrival orbit is

“"LOW THRUST ROUND-TRIP
"EARTH-MARS MISSION SIMULATION

EARTH DEPARTURE SPIRAL

OUTBOUND.CHEBYTOP

VTMODE: Variable Thrust Solution"

CTMODE: Constant Thrust Solution
(assumes CT trajectory is not
greatly different from VT
trajectory)

MARS CAPTURE SPIRAL

STAY PRESCRIBED TIME,
DROP MASS & TANKAGE

MARS DEPARTURE SPIRAL

INBOUND CHEBYTOP

VTMODE: Variable Thrust Solution

CTMODE: Constant Thrust Solution
(assumes CT trajectory is not
greatly different from VT
trajectory)

| EARTH CAPTURE SPIRAL I

Figure 2. Macroflow of the Low Thrust Round-Trip Earth-Mars
Mission Simulation
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elliptical, the spiral subroutine uses the semi-major axis as if it were the radius of a
circular orbit. This approximation

because
is used

the

is made spiral
developed for departure from and arrival at circular orbits.
CHEBYTOP in

subroutines
this analysis primarily as

a

are
It
optimizes the thrust attitude angles and coast arss when it gencrates a trajectory, but

trajectory generator.
nothing eise. POP is used to optimize all of the other mission and system parameters.

significant problem surfaced during this analysis as POP kept stressing the system to

minimize the cost functional. Since CHEBYTOP assumes that the VIMODE trajectory is
its limits, even for the VTMODE, it gets to a point where the CTMODE approximation does
results. Thus, the question arose:
constrained

not converge. and in this analysis we are primarily interested in CTMODE performance

A
not greatly different from the CTMODE trajectory, and POP keeps pushing the system 1o
to a

"How can the optimization
region such that the CTMODE always
fractions to desired values.

search volume be
converges?” This was
accomplished by constraining both the outbound and inbound CTMODE payload mass
To be more specific, suppose that POP is minimizing the total heliocentric travcl'

time, and a particular iteration results in a CTMODE payload mass of 30,000 (kgs). Since
the desired payload value of 40,300 (kgs) is different from that achieved on that
with all

iteration, the desired payload mass fraction is computed using the desired payload mass
the mission and trajectory data from the

iteration. The difference

in the
desired mass fraction and the mass fraction achieved on the iteration is cntered as an

error in the constraint subroutine. This is done on both the outbound and inbound legs

of the mission. It is evident that the desired mass fraction value changes from one

iteration to the next because the mission and trajectory data change, but this "floating”
of the desired value has caused no discernable difficulty. This "floating end condition”
4).

concept was used successfully on an Apollo lunar targetting problem (see Reference

This scheme accomplished the desired results, i.e.

1t

i iteration
constrained to a region in which the CTMODE was close enough to the VTMODE results to
accomodate the CTMODE approximations, and it may be possible to achieve better results
with an unconstrained

kept the
converge. However, the user should be aware that this reduced the search volume to
trajectory generator. It is not likely, however, that such
improvement would be sufficiently large to change the trends or trades resulting from
this analysis.

-
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3.0 EARTH-MARS ROUND TRIP MISSION PARAMETERS

The mission begins with the Earth departure spiral out from an Earth orbit 1o
C3E = 0. The orbit is specified by input of its apogee and perigee radii, RAED and RPED.
As was mentioned earlier, the spiral algorithm assumes departure from circular orbit.
If apogee radius is different from perigee radius, the algorithm uses the semimajor
axis as the radius of the circular orbit. The spiral out time is ignored, but the
propellant required is included as a part of the low thrust system mass.

At escape (C3E = 0 ) CHEBYTOP computes the outbound leg of the heliocentric
portion of the flight. Beginning time of this outbound leg is called the "date of Earth
departure, DED,” and is an input. The "heliocentric travel time, HTT," is input and is the
sum of the outbound Earth-to-Mars trip time (from C3E = 0 to C3M = 0 ) and the inbound
Mars-to-Earth trip time (from C3M = 0 to C3E = 0 ). Note that HTT does not include stay
time at Mars or any of the spiral times.

The "outbound trip time, TOUT,” is also input, and the inbound trip time is
computed as TIN = HTT - TOUT. The Mars arrival date is DMA = DED + TOUT. The arrival
spiral is from C3IM = 0 to a Mars orbit specified by its apoapsis and periapsis radii,
RAMA and RPMA. If they have different values the algorithm uses the semimajor axis.
Again, the spiral down time is ignored, but the spiral down propellant is considered
part of the outbound propellant requirement. At Mars, the input value for drop mass
(84,000 (kgs)] is dropped, along with the outbound tankage and reserves, which is 10%
of the sum of propellants used in the Earth escape splral the outbound heliocentric
leg, and the Mars capture spiral.

The Mars departure date is DMD = DMA + TSTAY, where TSTAY is input. The Mars
departure orbit is specified by input of RPMD and RAMD, periapsis and apoapsis radii of
the dcparturc orbit. Thc Mars departurc spxral is out to C3M = 0 and the propellant used

Earth arrival date is DEA = DMD + TIN. CHEBYTOP computes the inbound
heliocentric leg of the mission from C3M = 0 to C3E = 0 in time TIN. The Earth capture
spiral is from C3E = 0 down to an Earth orbit specified by input of RPEA and RAEA. The
spiral down time is ignored, but the propellant used is included in the inbound
propellant requirements for the system. '

Two versions of POP were used: one minimizes HTT; the other minimizes the

initial mass in Earth orbit, IMEO, with HTT fixed at a desired valuc. Mission parameters

that arc available for POP to use in its optimization are:

o DED: Date of Earth departure
« TOUT: Heliocentric outbound travel time (from C3E = 0 to CiM =0)

8
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« HTT: Sum of outbound and inbound heliocentric travel time
« TSTAY: Stay time at Mars (from C3M= 0 at arrival to C3M = 0 at deparre)

4.0 LOW THRUST SYSTEM PARAMETERS

The fundamental relationships for modelling the low thrust system are listed

below:

T
J= f a? dt , (trajectory optimization parameter)
[ ]

1 -1, _J1_ i
mr = fig + P’ (mass related to trajectory parameters)

mps = aP, , (power system mass; o = specific mass; P, = initial power)
¢ = ge Isp , (exhaust velocity)
n =1 (Isp) , (Thruster efficiency)
o = %%’- , (initial acceleration)

mp = M, - My , (propellant mass)
m = kmyp , (tankage & reserves)
My = M, - (1+k)m, - mys , (payload mass)

The system design parameters available to POP for use in its optimization are
listed below:

» IMEO: Initial mass in Earth orbit

+ HISP: Specific impulse of the low thrust system

« PO: Initial power of the low thrust system
Note that the "specific mass, ALPHAW or a,” is an input but is never varied in the

optimization.

5.0 NUCLEAR _ELECTRIC PROPULSION (NEP) RESULTS
Design parameters for the NEP system are its (1) initial power, Po, (2) specific
mass, a, and (3) specific impulse, Isp. In some of the following NEP results Isp is

optimized, but specific mass and Po are held constant.

Thruster efficiency, n., was specified as a tabulated function of Isp. Thus, when
Isp is optimized it is meccessary that the n(Isp) be represented functionally so that the
partial derivative can be evaluated. The tabulated data was fit with the following fourth
order polynomial for that purpose:

n = -0.082668 + 2.6251e-4*Isp - 3.087¢-8*Isp**2 + 1.8047¢-12*Isp**3

-4.3169¢-17*Isp**4

9
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The tabulated n(Isp) data only extends to an Isp value of about 12500 (sec). Thus, any
time the NEP Isp value is optimized, it is constrained such that its value is less than or
equal to 12500 (sec).

All these NEP results assume Earth departure and return at a "nuclear safe orbit”
of radius 7070 (km), i.e. about 700 (km) altitude; Mars arrival and departure is at a

circular orbit of radius 23000 (km).

5.1 NEP SYSTEM DESIGN PARAMETRICS FOR THE 2016 OPPOSITION
This section presents parametric data for the 3/2016 _launch
opportunity for various NEP sysiem dcsign options. Detailed optimization results for

this section are presented in the following tables:

For the Po/a = 120/3 Svystem
HTT *302.042 325 400 500 600
" DED 17470.46 17470.80 17459.48 17428.49 17404.25
TOUT 126.834 129.300 155.195 202.428 245.647
IMEO 997.689 865.390 737.102 676.761 652.971
HISP 10000 10000 10000 10000 10000
ETA .83 .83 .83 .83 .83
For the Po/a = 80/4 System
HTT *342.049 400 500 600
DED 17462.80 17459.74 17427.82 17403.00
TOUT 142.822 156.637 205.568 249.653
IMEO 854.930 694.064 627.554 602.483
HISP 10000 10000 10000 10000
ETA .83 83] .83 .83
For the Po/a = 40/4 System
HTT|  *359.262 400 500 600 700
DED 17458.42 17458.07 17437.6 17401.00 17365.96
TOUT 156.242 161.844 - 203.7 256.093 302.327
IMEO 548.281 4473 885 396.197 379.753 375.463
HISP 10000 10000 10000 10000 10000
ETA ,83 .83 ___.83 .83 .83
For the Po/a = 24/6 System
BTT *439,964 500 600 700
~DED 17456.85 17440.79 17401.42 17354.13
TOUT 189.924 203.105 261.178 321.480
IMEO 448.792 384.341 363.858 358.385
HISP 10000 10000 10000 10000
ETA .83 .83 .83 .83
10
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For the Po/a = 10/12 System

HIT] __ *610.319 650 700 300
DED| _ 17431.76] _ 17404.75]  17390.34]  17346.97

TOUT 270.478 272.068 297.456 349.266

IMEOQ 377.595 345701 342.290 342.310

HISP 10000 10000 10000 10000
ETA 83 83 ~ 83 83|

The first value in each table (with the asterisk, *) is the minimum HTT value
achievable with that NEP system design and launch opportunity. The other HTT values
are fixed and the IMEO values arc the minima for those HTT values.

Figure 3 shows the minimum IMEO required for various NEP design options to
perform missions of various durations (various HTT values). Keep in mind that all these
NEP designs are assumed to have Isp = 10000 (sec) with an efficiency of about 0.83.
The minimum value of HTT shown in Figure 3 is the minimum HTT value achievable
with that NEP design, characterized by its Po, Isp, and ALPHA. Suppose that a mission of
HTT = 302 days is required. Figure 3 shows that the only one of these NEP designs that
has that capability is the Po = 120 witha =3 . It is also evident from the figure that
the NEP system having the lowest Po value will perform any HTT mission with the
minimum IMEO, if it can achieve the desired HTT value. For example, if an HTT of 600
days is required, it is cheaper in terms of IMEO to perform the mission with the (24.6)

= K(TZOJ) <€ (rPo,gleJa)

E o0 <

= A AN

5 N\

£ 700 -

: s s . S AN

§ 500 \\\ (24.5) \x
(40{4) n !

3 (TO,T2)

: ——=

E 300 - . , .

< 300 400 500 600 700 800

Total Heliocentric Travel Time (days)

Figure 3. Initial Mass Required in Earth Orbit for Various Missions and
Nep System Desiéns
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system than with any other sysiem examined. That mission can't be done with the
(10,12) system; the figure shows that the minimum HTT achicvable with the (10.12)

system is about 610 days.
Figures 4 and 5 are companions of Figure 3, showing the optimum Date of Earth

Departure (DED), and duration of the outbound leg. of the mission (TOUT), for the same

set of mission and NEP system design options.
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Figures 4 and 5 show that the HTT value primarily controls the value of DED and
TOUT, with the (Po, @) combination of the NEP system having a second order effect.

5.2 OPTIMUM PARAMETERS FOR A (40,4) NEP SYSTEM OVER AN

EARTH-MARS SYNODICAL CYCLE _
This section of NEP-rcsults shows the capability of the (40.4) NEP system

design to perform various HTT duration missions at every opposition opportunily

throughout an entire Earth-Mars synodical cycle (about 17 years). Another difference

in this section is that here POP is required to optimize the Isp value instead of using a

fixed input value. A detailed tabulation of the optimization results is presented in the
following tables, one for each opportunity in the cycle.
For the 12/2011 Opportunity

HTT 393.284 415 450
DED 15911.07 15509.21 15917.80
TOUT 177.700 186.952 191.998
IMEO 608.13 487.949 424 472
HISP - 9239.51 11845.98 12500.0
Po/a 40/4 40/4 40/4
For the 1/2014 Opportunity
HTT 377.693 400 450
DED 16677.06 16682.42 16662.38
TOUT 172.036 178.599 195.820
IMEO 576.664 473.663 408.957
HISP 9087.88 11755.01 11704.17
Po/a 40/4 40/4 40/4
For the 3/2016 Opportunity
HTT 351.920 375 _ 450 500 600
DED 17461.44 17463.78 17445.94 17442.81 17436.37
TOUT 150.521 159.026 192.566 209.839 262.106 |
IMEO 576.191 479.979 389.350 373.980 365.636
HISP 8712.68 11562.10 12485.21 12500.0 12337.92
Po/a 40/4 40/4 40/4 40/4 40/4
For the 5/2018 Opportunity
HTT 337.232 360 450 500 600
DED 18256.64 18256.78 18244.99 18232.53 18219.99 |
TOUT 132.650 139.945 168.746 183.692 234.245
IMEO 596.977 488.938 383.935 371.391 361.997
HISP 8161.83 10814.83 12481.89 12438.91 12500.0
Po/a 40/4 40/4 40/4 40/4 40/4
13
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For the 7/2020 O portunity

HTT 379.002 400 450
DED 19054.95 19061.12 19057.82
TOUT 145.916 152.106 174.737
IMEO 542.929 467.359 405.551
HISP 00092.22 12456.85 12500.0 -
Po/a 40/4 40/4 40/4
For the 9/2022 O portunify

HTT 394,025 415 450
DED 19839.79 19837.23 19845.02
TOUT | 162.840 170.467 180.965
IMEO 641.691 505.436 430.601
HISP|  8519.58 11167.38 12500.0
Po/a 40/4 40/4 40/4
For the 10/2024 Opportunity

HTT 410.990 430 450
DED 20608.18 20608.66 20603.76
TOUT 179.339 187.531 200.715
- IMEO 568.192 480.936 440.611
HISP 10082.04 12424.57 12493.19
Po/a 40/4 40/4 40/4
For the 12/2026 Opportunity

HTT 397.610 415 450
DED 21376.39 21374.78 21376.02
TOUT 178.784 188.840 _206.339
IMEO 615.834 511.763 432.825
HISP 9045.30 11097.85 12452.05
Po/a 40/4 40/4 40/4

This database of optimum NEP parameters for an entire Earth-Mars synodical
period can be used to gemerate a multitude of interesting plots. The following plot is
just one example of the kind of plots that might be of interest. It is clear from the plot
that optimum specific impulse values do mnot form a consistent pattern with minimum
achievable HTT. There is most likely a dependence on Earth-Mars distance that is not
shown in the plot. (Earth-Mars distance is not included in the database).

14
D615-10026-4

%u

(

il



(’N

Po = 40 (MWe), ALPHA = 4 (kg/kWe)
Optimum Specific Impuise

£ 12r2026 g“i

3 9088

£ 102024

§ 972022 8713

e d162

S 5018 9992

-l

~ 32016 852y

0 1pos2

2 12014

s 9045

a 1272011

8' y 1 * 1 1 1 ! 1 y 1
0 100 200 300 400 500

Minimum Achievabie Helliocentric
Travel Time (days)

5.3 CONTINGENCY OPTIONS FOR A NEP REACTOR FAILURE AT MARS

The Boeing Company raised the question: "How can a mission be planned
so that the mission can still be accomplished if one of the reactors goes out at Mars
(assuming a dual recactor NEP system)?"

The first option considered was the possibility of carrying enough extra
propellant to allow the return leg to be completed with only half of the outbound
power, Po. The sccond option considered was to change the stay time at Mars from 30
days to a different value that would allow the retum leg to be completed with the
nominal propellant loading. It was somewhat surprising that both options handie the
problem with minor changes from the nominal. The following table lists the
propellant required and the masses to be dropped for the various trajectory segments.

Using IMEO to handle the problem requires that an extra 1777.8 (kgs) of
propellant be carried out to Mars. If the reactor does not fail, then the extra propellant
would be offloaded and the nominal return trajectory would be flown. If one of the
ractors does fail at Mars, then the extra propellant would be utilized as shown in
Column 3 of the table to successfully execute the return trajectory.

Using stay time at Mars, TSTAY, to handle the problem results in the values
shown in Column 4 of the table. All of the propellant loadings are at their nominal
values, but the stay time is reduced to 28.852 days (instead of 30 ) which

15
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distributes the propellant usage as shown in Column 4. Differences between the two

contingency plans and the nominal are shown in Columns 5 and 6.

NOMINAL | REACTOR | REACTOR | DIFF. FOR | DIFF. FOR
VALUES | OUT/IMEO | oUT/TSTA |  IMEO TSTAY
INITIAL MASS IN | 479898.5| 481676.3| 479898.5 1777.8 0
EARTH ORBIT
EARTH ESCAPE 28027.669| 28134.028| 28027.669|  106.359 0
SPIRAL_PROP . ,
OUTBOUND HELIO | 65545.948| 66349.384| 65545.948|  803.436 0
PROPELLANT
MARS CAPTURE 3245.529| 3253.583| 3245.529 8.054 0
SPIRAL_PROP
MASS DROPPED 84000 84000 84000 0 0
AT MARS
TOTAL OUTBOUND | 96619.146| 97736.995| 96819.146|  917.849 0
PROPELLANT ,
OUTBOUND TANKS | 9681.9146| 9773.6995| 9681.9146|  91.7849 0
AND RESERVES
MARS ESCAPE 2351.625| 2535.767| 2528.435|  184.142 176.81
SPIRAL_PROP
INBOUND HELIO 65981.5| 66236.571| 65550.059|  255.071| -431.441
PROPELLANT
EARTH CAPTURE | 12664.554| 12923.688| 12919.243|  259.134| 254.689
SPIRAL_PROP 7
TOTAL INBOUND | 80997.679| 81696.026| 80997.737|  698.347 0.058
PROPELLANT
INBOUND TANKS | 8099.7679| 8169.6026] 8099.7737|  69.8347 0.0058
AND RESERVES
PAYLOAD AT 40209.992| 40299.977| 40299.929] -0.0156| -0.0638
EARTH _RETURN

6.0 SOLAR ELECTRIC PROPULSION (SEP) RESULTS

The solar electric propulsion (SEP) system in this analysis differs from the NEP
system only in the n(Isp) function, and in the power profile as a function of distance
from the sun (power is constant for the NEP system). Both of these are specified for the

SEP system by the following equations:

n(Isp) = 80.193*Isp**2/(96.04*Isp**2 + 5067:8) - I

P/Po = ( 1.763 - 0.8865/R + 0.0592/R**2 )/{ R**2 ( 1 - 0.1171 R + 0.0528 R**2 )]
ALPHA, or a , i.e. specific mass, is assumed to be 10 (kg/kwe) for all these SEP
results.

For SEP missions Earth departure and return is assumed to be at a

geosynchronous orbit of radius 42241(km); Mars arrival and departure is at a circular

orbit radius of 23000 (km).

16
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6.1 OPTIMUM SEP SYSTEMS FOR 2016 OPPORTUNITY MISSIONS

This section presents optimum SEP system designs for performing various HTT
duration missions at the 2016 launch opbortunity. Specific mass is always fixed at
10 (kgs/kwe) for these SEP systems. Detailed optimization results are presented in the
following tables (the value with the asterisk, * , .js the minimum achievable HTT with

that SEP design):
For the Po/a = 10/10 SEP_ System
HTT *549.011 600 650 700
DED 17429.39 17426.76 17410.93 17391.33
TOUT 237.493 249.244 272.514 300.179 )
IMEO 489.382 354.204 352.331 335.492
HISP 4569.95 5521.95 5023.71 5527.80
Po 10000 10000 10000 10000
For a = 10, With Optimum Po and Isp SEP_ Svstem
HTT 520 549 570 600 650
DED 17442.44 17434.35 17430.22 17425.44 17410.72
TOUT 214.211 232.164 240.661 255.401 280.790
IMEO 578.197 492.843 372.044 319.656 _297.859
HISP 5597.12 4191.12 5931.11 6328.13 4883.08
Po 18212.79 9919.88 9611.80 7644.50 4424.60
Figures 6 throught 10 are for these SEP systems performing missions for the
2016 launch opportunity. Figure 6 shows the minimum IMEO required for the SEP
600 ‘\ .
£ S
= 500 \
8
[
o N
£ N\
T 400
w
=
[ /]
3 —a
3
E 200
500 600 700

Total Hellocentric Travel Time (days)

Figure 6. Minimum Initial Mass in Earth Orbit for SEP System to Perform
Various HTT Missions With Optimum Po and Isp
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system to fly various HTT duration missions, with both the initial power level, Po. and

Isp values optimized.

Figures 7 and 8 are companion charts that show optimum Po and Isp values

associated with the HTT missions shown in Figure 6.
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Figure 7. Optimum Initial Power Values for Mjissrions Having Various
Heliocentric Travel Times (HTT)
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Figure 8 exhibits an optimum Isp value for HTT = 549 days that appears to be
inconsistent with all of the other values. This problem has not been analysed further
to determine what causes the

Similarly, Figures 9 and 10 are companion charts that show optimum Earth

departure date (DED) and optimum outbound heliocentric trip time (TOUT) for the same

inconsistency.

missions shown in Figures 6, 7, and 8.
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Figure 9. Optimum Earth Departure Dates for Missions Having Various

Heliocentric Travel Times (HTT)
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Heliocentric Travel Times (HTT)
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6.2 LOW FARTH ORBIT (LEO) TO GEQCENTRIC FARTH ORBIT (GEQ) TRANSFERS

The Boeing Company suggested the possibility of making the LEOC to GEO transfer
with a disposable solar array. This would allow the array to be discarded at GEO due to
expected damage caused by passage through the Van Allen radiation belt. Boeing
estimated the mass of the disposable array to be about 28000 (kgs).

Relationships developed in Reference 5 are used to (1) estimate the mass
required in LEO to transfer a specified mass to GEO, and (2) the time required to
accomplish that transfer. Thus, the IMEO requirements presented earlier in this
survey for the SEP system to perform various missions of HTT duration would become
the specified mass to be transferred to GEO. The computational procedure for this LEO 1o

GEO transfer estimation is as follows:

myw = P, a (power plant mass)
Mpid = Mgeo - Mw (payload mass for the ransfer)
mg = 28000(kgs) (structural mass for the ...)
Mg = Mpyq +Mg (final mass for the ...)
=D ‘
R=m
=R _=F s i
V=T R " B (ratio of propellant mass to mass in LEO)

AV =V -V (transfer velocity required)

V.= A¥ (characteristic velocity)

M -
Mo = (mass required in LEO)
@-v

T= m@lﬂfﬁuﬁ) (time required ..days)

The following tables list detailed results of a parametric survey showing the
mass required in LEO to transfer desired quantities of mass to GEO, and the time (in

days) required to accomplish that transfer, using various power levels.
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"Mass Required in LEQ to Transfer Desired Mass (mgo) to GEO
Po/mgoj@ 50 300 350 375 400 4285 450 500 550
288.371338.311388.27 1413.25 1438.24 |463.231488.21 |538.191588.18
2909.55|1349.301399.12 | 424.04 {448.98 |473.921498.87 |548.79 1598.72
311.631361.021410.591435.41 1460.26 1485.131510.01 1559.81 [609.64

324.721373.55 1422.73 | 447.41 |472.12 1496.87 | 521.65 |571.28 | 620.97
338.971386.99 1435.62 | 460.08 | 484.61 | 509.20 ] 533.84 |583.23 1632.73
354.511401.43 1449.32 |1473.501497.78 |522.16 |546.61 1595.69 | 644.95
371.56 1416.99 1463.91 | 487.71 {511.69 |535.79 | 560.01 | 608.70 | 657.65
390.32' 433.81]479.48 1502.81 |1526.39 |550.161574.08 1622.29 1670.85
411.091452.031496.13 |518.88 }541.96 |565.31 {588.88 1636.49 1684.60
0 434.181471.86/513.971536.00{558.49 |581.33 1604.45 1651.36 |698.92

- IO OO N | [ & W e

Davs Required to Transfer Desired Mass (mgo) to GEO

Po/mgo|250 300 350 375 400 425 450 500 550
1 946.78 11318.011750.4 | 1989.6 12244.1 |2514.0}2799.113415.3 [4092.8
2 236.70 1 329.49 | 437.61 | 497.41 {561.03 | 628.49 |1699.77 [853.82[1023.2
3 105.20 | 146.44 | 194.49 §221.07 | 249.35 |279.33 [311.01 ]379.48 |454.75
4 59.17 182.37 [109.40)124.35]140.26 1157.12]174.941213.46 255.80
5 37.87 |52.72 [70.02 179.59 189.77 ]100.56 |111.96 [136.61 1163.71
6 26.30 |36.61 |48.62 [55.27 162.34 169.83 {77.75 [94.87 |113.69
7 19.32 |26.90 [35.72 [40.61 145.80 |51.31 }57.12 169.70 183.53
8 14.79 120.59 127.35 131.09 [35.06 [39.28 |43.74 153.36 [63.95
9 11.69 [16.27 121.61 124.56 [27.71 131.04 [34.56 [42.16 |50.53
(10 19.47 77}3.18 17.50 119.90 122.44 125.14 }27.99 34.15 140.93

Figures 11 and 12 show plots of the parametric survey tabulated above.

Figure 11 shows the mass required to transfer various desired mass values from
a  geocentric circular orbit of radius 6770(km) to a geosynchronous orbit of radius
42241(km), using various power levels, and Figure 12 shows the time required to

accomplish the same transfers.
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Figures 11 and 12 provide the user with a means of trading the time required to
transfer various mass values from LEO to GEO" with the ipitial mass required in LEO to
accomplish the transfer, using various SEP power levels. Reference 5 assumes a
constant acccleration in deriving the estimating - ralationships.

As a specific example, assume that a total manned trip of 600 days is desired. This
implies HTT = 570 days ( HTT = 600 - TSTAY). Figure 6 shows that the minimum IMEOQ
required at GEO is about 375(mt), Figure 7 shows the optimum Isp value is about 5925
(sec), and Figure 8 shows the optimum Po value is about 9.6(MW). Now, the LEO 10 GEO
transfer is not required to use the same Po value as the interplanetary phase. Thus, we
can still trade Po values to get required IMLEO and time to make the transfer. Suppose
that it is desired that the IMLEO be no more than about 450 (mt). Figure 11 shows that a
Po value of about 4(MW) requires about 450(mt) in LEO to transfer 375(mt) to GEO, and
Figure 12 shows that it takes about 125(days) to make the transfer.
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Solar Electric Propulsion (SEP) - System Requirements

During the course of the Space Transfer Concepts and Analyses for Exploration Missions contract
(STCAEM), Boeing’s Advanced Civil Space Systems group (ACSS) has conducted regular review
meetings in order to define and derive requirements, conditions and assumptions for system
currently being developed.

As system definition and development progresses, technical experts provide documentation and
rationale for requirements that have been derived. This real-time capturing prevents requirements
and their associated rationale from being lost or neglected. For example, a vehicle configurator
may see the need for providing a minimum passage dimension for vehicle egress or ingress. This
requirement would then be captured at an early development stage and would provide a history for
the decision. This seemingly simple requirement may have large impacts on the design down the
road and its traceability is important.

Derived requirements and rationale are later transfered to the Madison Research Corporation
(MRC) where they are then entered into the system data base which has been developed for ACSS
using ACTUS's 4th Dimension® software. The data base allows for easy access and traceability of
requirements.

The charts that are contained within this document represent two collated copies of principal
requirements and assumptons for February 2, and May 30, 1990. The systems defined include:
(1) the Mars Transfer Vehicle (MTV), (2) Mars Excursion Vehicle (MEV), (3) Trans-Mars
Injection Stage (TMIS), and the Earth Crew Capture Vehicle (ECCV). Each system is then broken
down into subsystem headings of: (1) design integration, (2) guidance, navigation and control
(GN&C), (3) electrical power, (4) man systems, (5) structure and mechanisms, (6) propulsion, (7)
ECLSS, (8) and command and data handling (C&DH). The initials of each of the technical experts
responsible for developing the supporting rationale for each of the requirements is indicated
parenthetically next to each entry.

Although the majority of the derived requirements listed are directly applicable to all vehicles such
as those powered by Nuclear Electric propulsion (NEP), Nuclear Thermal Rockets (NTR), Solar
Electric propulsion (SEP) and reference Cryo, there are some that are not. Those requirements that
are only directly applicable to a specific vehicle type are indicated within the entry. The italicized
entries indicate a modification to an original requirement prior to the second revision of May 30,
1990.

Defining and re-examination of derived requirements will continue through the current contract.

PRE®EDING PAGE BLANX MNOT FILMED

D615-10026-4 183



r

Jue|q 33| Ajjsuopuayuy aded sy,

D

184

D615-10026-4



Derived Requirements

PRESEDING PAGE p' £i1% NC ™~ = MED

D615-10026-4 185



X I UOISSIAL | AT m
uoissiwu 1ad depday X I UOISSIAl | SdlL
sjuduodwod £1essadau qanjYy X € s 01 EXTTRONHIN
ETIGUYERY
syuduodwod £Laessadau qinjay X Iy sI4 O] slojeipey
Sjuduodiund £1essadau qIngAY X € SJA O] uRISAsqng Jamod
siuduodiod £1essadau qinjay X I saf 0] SOIUOIAY
SJURUOAINO0D AIBSSAMU INJIY X € sk o 2INPNNS
SIUdUOd 0D A18SSIAU INJIY X ¢ si£ 01 SST1OH
X 1 VN sajqewnsuo))
1ejqey M
* peojAeq m
AI1eSS3daU Ji INjIy X S SIA(Of ainpnIg M
uoISSIuI U0 10§ Poor) X I VN uoday - juejpdoig o
K1eSSa03U udym qIngay X € T syue], juejpdoig A
asn 13y)anj 10§ Ipou (YHH It 3183} I 183k | RJY NqI1Q q - feaay ejog
K1eSS303u UdYM qanjdYy X € SaX O] UIEJ\l - AB11Y JEB[0S
sjuduodiuod A1ess3adau qInjy X € SIA O uonNqQLISI(Y 13M0J
SHRUOduI0d A1BSSAU QINjay X € SJA O] $108S320.1J JamoJ
uoissiut 13d qanjay 10 NHO X I S1 000'ST s.1)snay |, uog
syuawwo)) ‘qangy | aoeday m_sh_wmwz ajr1 udisaq yusuodwon
064V SZ/2I/INEVOLS

DINITOH

SWILSAS
30VdS
A

sjyuduwRIINbIY A1ddnsay apoN JHS azownay




(DS) sJaquIduI MIND
(7) om) 3se3] J& UdIMIIG UO0Y)ESIIAUGD [ENSED J0J JWNJOA JUIDILNS dpjAcd lfeys s13)aenb max) -

OS) s)ns y A Supseam apiym syjed uopendayd sofewn ydnoay) ssed o) ajqe syneuojse (7) oM, -
(ad) Kep 13d adeyeay
3% ST pue pooy uo NSO 9,0 ‘uaBAx0 pue J3jeM Jo NSO SSTIT %001 SAWNSsE

‘(110qe sapnjouy) skep go1-cppy wo.ay UL} DUIPISII MILD J0J NS J|I4 PII0)S SI|qRWINSUO)) -
(VW) * , 1909Ys

uL10)s,, B JO asn dje10dioduy JIM (FJS) SIUIAT U0J0.1J Je[0S W) M1 0) uofadjoad pappy -

SwAISAQ uey

(D9) 31qJ0 sIBIA Ul IYM
UL} UOJ)E}NII0 Uns J10j PIzZY N 3q 0) SayINJeq ‘Iseyd Jajsued) J0j pasn 3q 0) Jamod agjog -

JIMO0] [eI1119[T

(gd) Jno-dys pajjo.npuodun
ug apnp3.d 0) pue | 3,9 paddxa o) Jou anyderolae 10§ epIA)uy £13ud £10)dafesy aamyde)) -

J¥ND

(ag) suopdo uojsindead paoueape dAp)eusd)[e JEPOUILIOIIE JSNUL I NPOW ML) -
(MD) 33000€ = ssewt [8)0) ypMm 1q.10 Saepy uy pakojdap sa)|[a)es SUOHEIUNWILOD (T) OM |, -

uoneagdajuy udisa(

YW/069JZINTYILS
ONI308

SIUUIRINDIY poALId[ AL a3oNVAQY).

187

D615-10026-4




A4
L=

=
(dd) Sseu 3)B1G0IIE Jo 9,07 3q JIBYS jeiqosde 10) Juawdinba J1oddns susoqury -
SUISIURYIIJA pue 3.1n)INngjS . NS
N
: S
(OS) SjuswiuoIjAUd 3, paonpuj pue 3,0 3JBPoWIUI0IIE 0) INPOU M3I)) - é
(OS) adeasa £ouadsawa Joj Anpowt YIEd WOIJ SSAAI Jo suLdm 7 3q jjeys .Y, - 2

(DS) (SN0AZapU3/3uyfIop) s1dAnduEBU [[8 SuLnp ANPQISIA ML) -
(panupucd) SYIIYSAS URJA] o

SYU/06994Z0/WIVILS _
ONIF08 SIWILSAS

: 30VvdS
(parugiuo2) 5 HAID

SHUWRINDIY paALR A LN | azownay




DNIZ04

(sg) aseyd jJuadsap pasamod 3urinp Jouuegw PIje1u0d Wy pauosyaf 3eIqosdy -

(ad) d97 wigg Sunuinsse uodeaq Yim pue dao
wryj Sununsse suodedq duipue] £q papieun aq ||im uospef eaqolae Jaye £>eandoe dujpue’y -

(dd) dJaydsounye sIBJA

apjor 1S pIjjos3uocdun ue apnpoaad o) pue yuswrdinba pue sIqUIdUL A1I UO
3eup 8,9 PIdIxa 0} Jou SIBIA 1B aunjdedotae AJA 10) eI} ANud £1033fed) duanyde)) -

(MD)

.S = 9due yred yoeouddy -

(MD) doap 3}e1qoJIe .10J2q JIE)S awiduy -

(MD) wiyQs F = I8uea ss010 ‘ApuaLIny) -

(MD) (jeuturou) 31qJ0 sisdersad wy QST X [0S T W0y )qr03( -
o SGW 0'1 03 §°0 w0y Jduea g/ 1 -

(Sg) SUIIISAS [BI1I11D UoIssiul || 10)

OBND -

popiA0ad SJ3A0D 2A1)IN0{ -

(s4) SIPIYIA pauueul uo peojied umop uoj (S7) dAy-Kum, -
(ad) aseyd Juddsap Supinp )iqu0-0)-110qe 0} Iqe 3q jsnul AVIA -
(W) saxeds 10§ JYS1oM dA1)O€ JO 9% ST APIA0I -

uoneidajuy udisd(q -

eyu/ {6URIZ0/WAVILS
SINTLSAS | ' .
i |
sjuawR.IINbIY pasLpq AHN NG, ¥

\) 9

1

189

D615-10026-4

a-3



&
(Hd) sAep (g9 s} dwp) £8)S dBJINS WnWIXew Y|, -
(ad) Lep 1ad adeyead| 3y g1° pue pooj 3y} jo
3.INSOP 9% ( ‘UIBLX0 pue J3)em Jo 3InsopP SSTIT % 00] SFWNSSE ‘SOLIBUDS )Joqe pue duuy)
Ae)s uojssiut uo Judpuadap s£ep (09 - O€ JO JuI}) IIUIPISIL MIID B J10J NS [IIM § d|qewnsuo)) -
SUId}SAQ URJA o
(a4q) sassaadaa qud maxd (7) om} Jo L)piqede)) -
SS10H
-
(09) 234n0s [euajuy] J3Y)0 10 S3LIINeq Aq papiaoad aq jeys Jamod ]
“13)uUnodud SIe\ 0) Jorad sinoy 7| P3jIeIjaa 3q 0} seaay “uojjeansyuod A LW [N 3Y) g
wouj jeaedas sfeiss aejos £q papjaoad aq jjeys sagjy 0) 3duanbas yoeoadde Lep (g J10) J9m0 - v
(O9) 518\ 0) Yyoeoadde A

Aep (0S) A1) 10§ A LI woaj uopeaedas 3upmo)joy A 0} 1omod £jddns o) sfesae aejog -
JOMOJ [BILINIIN]

(OS) 2dejans pue s{jaq auidud UIIM}IQ PIYSI|qE)SI duBILIP J3)duw (T) duQ -
(@g) (A 4.L Jua)X3 Jn0}23Yd) papjroad aq 0) saujdud Jo JN0HIIYD JuUISIP-a1 -

uoisindoag «

SYw/06924Z0/WAVILS
ONI304

. SHILSAS

< TIAID
ﬁwoz<>o<

SJUURIINDIAY PIALId AT _.,

S




ONIZ08

(s9) 34e)s Juddse Jupanp jsejq A VIA Aq 23ewep wiol) pajdyoad

pue 3j2§yaA j1odsuel) UopINIISU0D NBJINS £q J3)8B| IjqeAoWdl :3q 0} wI)sAs qey epng -
(OS) *s8upa ye

‘(mpp) J3)WBIP JSS ALY 0) B MAL]) -

(OS) s1AnUeW
$saJ}s-y31y Supanp JudwIAOUL 10§ MO]|E 0) SHUIWUII [j8 U33M)3( DUBIBIP WIQE YSHqeIsH -

(9d) 58318 asay) uy pato)s s)ns VAT (7) 0M) 3q [18YS 4L
SUONIPUOI AU 1WA Joj Seale pazyanssaid £puapuadapuy Ljjeuoy)ouny (7) om) )53 Je 3q fjBYS -

SWISIUBYIIA PUE 2INPNAS o

11290 sjuduyde)je pue suopjenduad pue ‘(Wwp°T) YIpm

PYuw/0694TH/NAYOLS

(ponunuo))

SIUIWRIINDIY paALnRq AHIN

) |

G3ONVAC

191

D615-10026-4




) )

(dd) s)9s aempaey
llg 10§ 9%/ 2q 0) pawnsse §] yjieq 0) younej 10§ ssews judwdinba jaroddns auJoqae Y I, -

(MD) 2ampnua)s L1ewyad se pasn syue)Idjuj - SHUR) - IINJINI)S JSNAY |, -
SUISIUBYIIA| PUR 2INIONI)S

(WD) (pape.) 3q o) anssi Jam/£ap) Jjo-do) yym ,Jam,, payaune] sj PJYIA DUIIJIY -
uoisindoay o

(s9) £}1ed110q04 pue L[2)owral )iqlo-uo paysjiduiodde aq 0} L|quIassy -

" (ad) u3soyd PIYRA QLA 3Y) JO uerouny
B 3q |jeys uopeziie|npow jo yunowe 3y) ¢ £)peded 015 3ziIn 03 pazjrejnpow A|jn,j -

(MD) sjuawaanbal
uoISsju dUIIYA Jroddns o) usysap 103uu0d1)u)) suossjul AU J1oddns o) IqIxay] -

uorjeadajug udisa( .

D615-10026-4

S4U/06924LN/NIVILS
ONI308

SWILSAS
30Vds

sjuaurdnbay PaALdQ STALL - AL csopincy




193

(OS) saanpadoad Suipue] pue 3uiy)iaq ‘Supyoop (€ JO SUIMIIA JIIAIP J0J MOJ|V -
(VIN) papiaoad aq 0) uopadjoud (FJS) JudATF uojold tejos -
SWIA)SAS UBJA] o

(a9) a4.1, seujdud jo 3jdue jequu)d wnuxepy -
(ag) suing [je jo pud o) Sujuujdaq woy APJYIA Jo "5 YIBJ) A|Snonupuod jsnw Imduy -
(aq) saseyd uojssyua Jje uj sappqeded yno auyduy -

uoisindoag «

(MD) (3amydedoaae jsod) uoKIILI0I-10.019 S/l 00T -
(MD) S1BIAl 18 £)100J9A £1)Ud WnWXew s/ 0QSsg -

IJBND °

D615-10026-4

(S9) SICJA J& SIPJYIA 3{BI(OIIR 10) '] 0) S*Q wi0a) ddues (/1 -
(S9) T 0) p W0JJ ‘SIZJS ML) JO dduea J0) udisa( -
(s9) (3810198 }dadX3) JUIANYS|GINJAI Y)IM SUO|SSjut § Joj paudisap sjuduodwod |y -
(sg) Jeaf auo snjd uopBINP UOISSII 10J JUNOIIE Jsnui Y] udisap yuswdinby -
(S9) IPIM P 5] 5348I(0JIE |8 PUIYI] IUOD QINSOP IJBA -
uopeaduy udisA( -

SYUY/06924Z0/WIVILLS

SWILSAS |
-, 30vds !
NN 4_>_ow

SIUAWIA.IINDIY PIALII([ WII)SAS JIJsue.d |, SICJAl a30NVATY




)

194

(Hd) Annqe)dduu0d
%86 - PANPIYIS UIYM LNIGRIIEAY *dUf) Y) JO % (6 PAuUlBulBUL SHUI| UIMIIQ A)|IGBIIUUO)) -

HA®O -

(s9) (sapnpout ‘syue) “a°))
SWI)SAS J0113)X3 IIJYdA Jofeul J|8 udIM)3q uojjeaedas wdQE uey) JAjedar) -
(s9) 110}J3 Judwidoaaap pue £)xajdwiod ‘suopeiado pydpm zpuyujua 0y pazjpupdo aan)ona)g -
(S€) SWR)SAS pue 583J8 10}1)XI
[{e uje)jujsw pus 12adsuy o) L)jiqeded uopendjuvwa 31)0qo. B £118I [|IM SIIIYIA UOISSIIAl -
(S9) JUIWUOIJAUD SIIGIP O] AY) 0) ppe Jou [jjm spRued 3y J, “fjjunjioddo-uoyssju yxau
3y} J10j pasn aq 0) Q'] UJ PIAES pue PaAowdl 3q |4 sppued asay g, “suopesado QAT
Supanp uopydajoad 10 Buippepd Pued pIajys S|IGIP AGRAOUII IABY [[IM SJUIWII IIIYIA -
(s9) sjujod yory)B Jo JnoLe] UoUWILI0D IABY 53810138 AN Pue A LN -
(dd) Ised
30U313)31 Y} 58 A|quIAsSe }|(10-UO J0J SUO|)IAS Uf JGI0 Y)I18T 0) PIYOUNe] 3q [|IM 34BIqOIY -
(dd) sseun 3y81qO.198
ay) Jo 95,07 29 J1eYys ye.1qoIde ) Joj uopdwnsse sseuwt Judwdinba yroddns ausoqapy -
(dd) ayeaqosae ay) 3dIIXI daempaey [je J0j %S|
3 0) PaWINSSE 3 [[BYS }JG10 Y)1e7 0) Youne] Joj ssew judwdynba jroddns ausoque ayy, -
(dd) yudwiuoajaud deds ysiey
ay) 0) pajdafqns uaaq Sujaey pue 3)e)s Jueuriop B uj s1eIL 7 0) dn uopouny [jBYS SWAASAS |V -
(dd) jojjesed-uou uni jjeys suR)SAs Juepunpal pue saujj uoyounj eI v -

SWISIUBYDIIA] PUB 3INJONI}S o

D615-10026-4

SYU/O6AALH/INTVILS
ONI308

SINILSAS

(panunuo)) 30vdS

sjuauRNNDIY PIALId( WAJSAS JAJSURL], SIBA] azownay




195

(OS) 2)3'spaezey aayj ‘Bujssedino Jo0j sprepue)s YSYN 0) ULIOJUOD jsnw Sjeirajeut JoLjuy -
SUISIUBYIIAl pUe 2.1NPNAG

W sTo=dari-
(dd) 219ydsown)e yjrey jo yno
3,9 pa33xa 0) yJou
dpjs pajjo1jucdun ug Ipnad 0) pue ‘Buuosiad pue a1 uo iy 9, -
a19ydsoun)s yjaeg ojuy £1)ua0198 10 2un)deIosae A 10) DB} A1)UI £30333fexy aanyde)

IJ¥ND -

D615-10026-4

SUYOGAA TNV ILS
SWILSAS |
DNIZ09 SHzlshs

sjuduRINbay paAlRA AJDDA - AL
) )




) ) )

§O1[B)1 U} Y UMOYs are 0661 Arenuqag Z( paep sjuawannbas paAuIp Junsixd 01 saduey)) 0N

196

(MD) £juo 2y0.1q0190/0£42 10f 24M3ONUS Liownud sp pasn syupidu) - SYUD) - 24MIN4S ISNYJ -
SUISIUBYIIJA] puUB INPNIG »

) (WD) TTW 9 u siujod umumpdo

18 paoed spjopus pojocod JodeA AN "s19ue(q TTN (.b-T) YOI st waisAs uoneinsut Juel AL -
(I) “(sqpuowt

9 ) WG [ALL 210Joq W) A¥8 [B1qI0 SzpuIpurur 0) 3ousnbas Ajquiosss uf o1e] patjoume] S STALL -
([) ‘ureoj Jo apisNO
(SA.L 01 pa1dnod) piapys pajood Jodea sapnjou] “yojioq [eiqIo pue “youne| ‘ploy-puncid

umunuiw Joj pazumido udisap weoj 1340 1T padmd Lsnonunuod e s} wasks Juneinsu SINLL -
(L) ‘SPIPWyS Pajood 1odea

ordnjnui 0} poydnod wa)sAs JUSA orureu£pouniai 3 -019z Julpnjouy WA)SAS JOU0D [RULISY) JAISSE -

uoisindoy «

D615-10026-4

(SY) ‘Teonoeid Jualxo 0} pezZuIW 2q 0) A[qQUISSSY -
uojeadajuy udisa( «

" GAYNOE/S/WAVOLS

TNIFTOL SI3LSAS
- 30vdS

spuduRNbay paAlnR( STIAL - AL




SOI[BII UJ A1 UMOYS AIB (661 A1Brqa,] 70 PAiep siudwalnbas paaLp Sunsixa 01 saduey)) 10N

197

(g4) (1d=sou0d aun], BluiN,,) QIO Yurey 0} Younej JOJ 3OIYA 0 pajunour Ajjew1a)x2 9RIqOIIY -
SUISIUBYIIAI pue 2.InpPniis -

(IOW 1o1y8 a1y 10 pajeraduyal sue) AHN) -amyuredop yuey 10j3q 19)suen pingy STALL-A.LN "ON -
“w)sAs [onuod jeunay} sjuadoko sassed v -

(ad) adlr sauiqudoa o au3ua Y IN -sasoyd uojssyu §jp uj sap|iqodod mo aui8us -
uoisjndoud «

(MD) (34m3dp20430 3s0d) U011IL10D 40143 S[W (T -

" O¥ND -

D615-10026-4

(S€) "10199A K1100{2A ) UO
pa19judd s 0—,&—5 QNSO IBM |8J0] 2], “pIM b St s9yeiqoude e puyaq auod aIMsojo e\ -
| uopnuadauy udisa( .

 AYNOE/WNEVILS

TDNITFOT

SURAWIAIINDIY PIALR( Eouwmm Jojsued [, SICJAl

) )




) D )

SOI{BI U 2131 UMOYS 18 (0661 K181uqa] 7O PP sludAuANbAL PIALIP Supsixa 0y saduey)) DI0N

198

(Og) ‘saseyd Jua0s3p pue Judse J0J 1omod apiaoid o) s§J30 |ony Jo saudNey -
(O€) ‘(3YP4q043D(0£13) J2dsap SIDRY 01 Loyad “Say (gL P10
2q 01 sty “SIDJY 01 yovouddp Kop (S ~ 10f ALW woLf uonv.apdas Sumojjof 4amod Kjddns o0y sdv.Liv apjog -
JIM0J [ o

(D u2089p 01 Jouid A LN Wouj paudjsuny) yuejjodord AN -
(JAL) "uononpas 3joj1oq SIBJA| 10§ SHUB) JUIDSE P3)AOB] WINNDBA -
(NP Supuaa pue uopisinbos 8,-0192 10§ P3dU SABUJUIS JUSUUOIAUD PIIY Anawap) -
(ALD SPIRIYS Pajood Jodea yaim TN :ura)8As 9881038 ojuado1d aAlssed -
(a1g) 539ms 1u20s9p/HuaIsE 10§ SaRIqeded o ouiduy -
uojsindoy «

(dd) dFD W Of Supunssp uodvaq YnM

pup g0 wyy | Supumsso suodpaq 3uppuv] q papioun aq Jjim uosnaf 2Yp1qo4av 431fv L3p.m2v upu -
(MD) oST = 318uv ysod yovouddp Suipup -

(MD) 2yp4q043v qr7 Y81y s0f uey 0001 F = 28up.4 ss040 ‘Apudam)) -
OB¥ND °

(aq) (qes uaosop/iuaose ) 4q papiaoid s1 Jenqey maso) ARN-IUIN, 9t J0J peojfed umop Jw L'Q ~
(ag) (sgnpous 1e)jqeY 5IPNJoUL) A 30Ul 10] peojAed umop 1 g7 ~
, §2]919A pauusus uo peojfed umo(J -

- uopuvadayuy udisa( -

D615-10026-4

GASNOEAYW/WEVILS

TNIFTOT SI13LSAS
-~ 32vdS

WAID

spuawd.inbay paaR AHN gAY

, \




SOUJRIN Ul 919 UMOYS B (661 £181uqag 70 PAIep siuawarnbal paaudp Sunsixa oy sadusy)) DI0N

r

(=)
o))
(DS) "SSBUI SZIWITUTUI 0) UOYIAS [oLeq Uf Inaoo suopenauad [V -
SWISIUBYIIA] PUB 2.INJPNAS »
(DS) uorjowoso] pus [8aidojoyoAsd 10j 3oy Suyyed paepuels W ¢°C -
(DS) ANjeuowwiod soeyIns 10§ pus 3-1 pus 3,-Q epounwooos ) paziseyduid UOHIPU0d ANARID) -
(DS) £13)es 10] sownjoa pazunssaid Juepuadaput om], -
MADf W T T = QY JsuBl], ~
(DS) eiTp jeouolsyy woly parejodenxa sautjopingd maio sod sumjoA -
SWI)ISAQ UBIAl » .
N
(Og) S1190 190y via Kiddns £315us dnjoeq e im wisAs 1omod Sunsixo wioly pIALSP samod 43N - S
(D9) "dAN 40/ 1da3x2 1110 SIDIY Ul I|YM )
O
A

2111 UOPDINIIO UNS 40f pazijtin 3q 015|139 [anf 10 $aL1Dq ‘asyd 1afsupay 10f pasn aq 01 4amod D]Og -
JOMO ] [8d1IJIINH o

a4l - (suondo uogsjndord ou19919) d4d ~
A4l F qso pauueld oyuy asmded - YLN ~
AUEV 'L uoisjndoad pasusape Joj Juswannbar H2PNO -

OW ao:& 1 [°0 B PUB ‘dDUV Pue ‘NVVY ‘UONBUIOU] ,ST°0 PIIOXA 0 J0U BIOLI X3 axmdesolay -
(D) mo-dnys pajjosuodun up

apnjoa.d o1 puo s1uay] 8,9 pa22xa 03 10u suopdo 2.umdpaolav 4of 2avfiauy K1yua Ki0103v 4 aumdp)) -

JBND °

)ARNOESYNAVILS

sjuaunRIINbIY paAldq A LN
) - )

TNITOH




’

yuejq 39| h__a..e._u:cu:_ aded sy,

200

D615-10026-4



Guidelines and Assumptions

PRESEDING PAGE BLANK NOT FILMED



ONI304

) )

6861 ‘G 1oquajdas uo
alAsiuny/sopueuAq [esauay) Je Bupaaw uj o) paaibe asoy) aie sajnipunolb Bugpadcaad ayy

19A3] NV 59° 18 juelsuod S| 1amod NV S9° JO 8PISUl NV S9° 1O IPISINC PyieA
( H8250°+ WL~ 1)/ ( HZ6s0 + 15988 - E9L}) U = Od/d :Aenty 1ejog
%16 = Joisnuy) o} Aeurjoased  :Aouajop3 walsis

( P X L90°G + 251 X v0'96) / dsI X €61°08 =443 :Aoudjop3 8ISNIYL

"G3aNTONI LON 34V SHNVL
aNV 13n4 (Asuabujjuod 9,0z pue ‘swiisAs pue andNs
Bujioddns “y0ss3204d 1amod ‘s1aisnuy) ‘Aesie Jejos sapnjou))

NV | 18 s13)snJy} 0) pasaajap Jamod uo paseq mu/By ol  :ebeig uojsindoid

yue3 oy siley - g0V
siel ol yue3 - 1evzl  :peojled

d3S BI0IYdA

Pa1apIsuod aq pInoys "'y € jo punoquy Kiojoafesi oN  :A10)08fBa)
skeg ot :awy] AelS siep

0=€) o) o0=EQsepauyeq :awy) du)

03D 0} WINJAJ Pue YGIO Sie WH 00S'EZ O) 0T Wedaq :UOISS| SI1eW
Ayunuoddo 610z J8ak punose azjwpdo :a)eq ainjiedaq

awy dyy jejol azjuido o) uojssjw sieyy 10} sapojdafes) ayebnsaau)  sey

SWILSAS
30VdS
CAID

ApmIS 7S SIBA 10] SI[NIPUNO.IN) R

202

D615-10026-4




-ypes ey os1 ARreunxosdde aq [im apmnge 3dedsy -

‘OA’1 0} Ae1ie J3jsued) 3y} £11ed [[IM ALTIW

pue APIYAA JAS Y} 03 JIJsue) i M0 YL “(ALT) IPIIA Jajsuel], Jeun’y
® B1A 9PIY2A JAS ) YA SNOAZIPUAI [[14 11D 3y ‘Jeayds adedsa ayy gunng .

. ‘jedids adeosd
ay) wiSaq [[Im 3PIYIA ) pue pakojdap aq |iIm sheday Axewrad 3y) QHH Y8 DU «

" (SNAq wIV-uea
aiy Jo N0) OFAH PIYILI } IR APIYAA ay) s1amed pue QI Ul pafodap
3q M Aedre aQjsued) deaedas y QT I8 PIIqUIIsse 3 [iim APIYIA JAS 4L *

ATIH £qNq0 4SS 0) PIIIAYRP 3] [|IM SHIQUIISSE-GNS JHS *

ODNITFOH SWALSAS AOVdS
TIALD AAIONVAAY

203

D615-10026-4

adedsyy yjaej -puno.uxn)
suondwinssy pue SI[NIpunots) JHS ﬁlo



&
oy
*SUOI}IUU0) Jamod
pue sjutod JUIUIYDIE)JE SB IAIIS SIPOU [RINJINI)S ) JO SUOISuUd)Ixd padeys ISIp YL »
S$21)00J3[9) pasiatadns £q suop aq ued IPIYIA Y} Jo yudmiojdop pue Ljquiasse dy], -
Juawrdinba 21j0qo33) £q pakojdap aae (s)derie ayy, - N
N
*$21)0q0J FuISn PIJQUIISSE S| INJINAIS Y], "SIpou m
wniue)y pue synags asoduwod apydead jo pasoduwod sy aanjpnays y1oddns Lesae ayg, - m
a)

O31H ® S 32143A 3y} jun pakojdap aq jou ||Im s)PNue|q Ae.LIe J8jos Lrewpad 3yy, »

INITFOT

_ SWALSAS AIVdS
HAID AAINVAAY
SINIPUNO.IL) ABIIY JHS Q

(o]



6A51P/067°Q9 1 /2I/INAV DLS

205

‘suoissiut saeA J10j suonedijdde uoispndouad 21130919
10J 3seq Bjep pue paqjsd} & Ipiaosd pnom 3[IYaA JIjsues) [e)qJo ILIPIIP uy -

‘sAe.lie 1ejos jjemesau-nnul
a8.1e[ Jo 1500 3y} Jupnpal ug IoJ 43y e Lejd jim £3ojouydd) Surmpejnuey -

‘s3ssa.130.1d £Sojouyd9) se sapeaddn waisAs J10j
moj[e M weadoad ay) Lreuonnjoad si 3d3foad uoisindoad 511309p9 JejOS AY L, « .

'syuawdopad( £3ojouyda], jo JPqUInN
Anpqixaty uoyssi/euopesadQ
Annqeny/LRges

dul] duy

OA'TIINI

D615-10026-4

se yans (INQH) NRJAL JO s3Iy
juapuadapaajul Auewr Junydm Aq paouanyui £30j0uydda3/udiSIP UOISSIA] *

*‘SO0T €34 Aq 9 JO [9AI]
ssauipeal A3o[ouydd) je aq JSnul SUIIISAS I[INYIA .10 pIUINSse A3opouyda g, -

DNITFOL

SQUIPPIND Wea304J JAS
) )

SHWAILSAS dIOVdS
TIAID AFINVAQY

To-

J



ONIFO S

) I

6ASIP/06°2A9 1 /MG/WWIFVILS

‘sjudw.inbag swn
diy pue QA TIAL 3S83103P 0] PaulfISBq II. ISISSe L)AvAS SIBJAl pue Jeunj y

3dedsd yjyaey 0) Jo1ad SNOAZIPUIL MIID YA [[9M £)1Aead
s,y)aes] 9y} Jo no jeaids pauuewun ue uriojrad 1M 3PIYdA JHS Y.L

"Sapoul Uoje.Iddo UoISSIW Sk [[]9M SB SUoIjBd0] dpou
JUIWIYSIQINJId pue danjredapA|quiasse 3jeIdp J[IM saped) suonjesado Jaylany

*OH5 0} UINjalI pue
015 wo.uj jaedap 0) pawnsse sem IpIYaA ay) ‘sasodand sis{jeue uoIssiu 10,]

‘uondunsse Jeaf g /uoissiu ¢ ©
YA W)Y JedL ()] 9Y) JIA0 pazijaouwre seM daempaey Joj ssewt A[ddnsay

dUIAJI] 1L (] © J10J pauBISap 3 JIM wI)SASs Jomod ay g,

*WIA)SAS
uoisyndoad uoy 3111093 ue Jo pasodwod 3q Jim w)SASs uoisndoad s3pIYdA Y,

suondunssy pue saulpppiny J4S

SHALSAS HOVIS
TIAID AAIONVAd «..

206

D615-10026-4




GASIP/062(9 1/2/IWAVILS

207

W RIIETAT] ] E]
%97 e S[[92 uonodunl-ninu Jo pasoduiod Iq 0) PIWINSSE SeM ABLIC JBJ0S YL,

"uod.ae aq [[IM SJ)Snay) uol 3y) J0j juejpdorg -

"Sseul
UOISSIWISUR.I) NP 0) I8eI oA Y31y 3q [[IM wI)SAS uonnquusip Jamod ayJ, -

‘syjed Jomod ajdnyjnu pue
Apiqeraa ysuy J1oj paudisap aq M uonnquusip J1amod pue felde Jejos 3y,

*A[jeo110qoa pajquudsse aq [[IM Le.rre 3y) Fupsoddns auanjon.ags ssnay Igae| Y J,

. | CTRILIETY
IAMIA 0T 343 10§ AAY/3Y 0T Jo eydje Juljaseq & PIuInsse SISA[eue UOISSIJA] o

- & SWAISAS AIVIS
NITLD TIAID AAINVAQY

D615-10026-4

(‘ju0d) suonduwnssy pue SAUIPPIND JHS ﬁ
) _ ) )



r

yusq 3J9] Lfjeuopudjuy afed sy,

)

208

D615-10026-4



II1. Operating Modes and Options
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SEP Operating Modes

As the vehicle is slowly spiraling towards Earth escape, the crew will rendezvous
with the SEP by a LTV class vehicle a few days prior to escape. Just prior to escape, the
SEP vehicle will perform a Lunar fly-by to gain a delta V boost. After Earth escape the
vehicle will continue thrusting just prior to the "halfway" point, After a short coast time
(20 - 40 days), the vehicle begins the deceleration portion of the interplanetary leg. The
deceleration portion is started a little later than normal, since the vehicle will be performing
a Mars fly-by. The vehicle does not capture at Mars upon arrival due to an excess delta V,
but does drop the MEV containing the crew at Mars. The excess delta V is low and does
not impose any significant impacts to the MEV aerobraking scenario. The vehicle
continues in heliocentric space, in close proximity to the planet, untl it is able to caprure
into a loose rendezvous orbit. The amount of time the vehicle continues in hclic;ccntric
space will be designed to be synonymous with the crew surface stay time. At the end of
the surface stay, the crew will return to orbit in the MEV ascent cab. After crew
rendezvous, the SEP vehicle will return to Earth. At Earth capture, the crew will depart the
SEP and return to Earth by an ECCV oraLTV. A parking orbit for refurbishment

requirements is TBD.
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IV. System Description of the Vehicle
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SEP System Description

Contained within this section are the following:
+ Block diagram for direct screen drive
 Power path efficiency
¢ Parts description
+ Vehicle and payload mass statements

The vehicle can be broken out into four main subsystems: (1) power (2) propulsion (3)
support systems (4) payload. The payload is common to all propulsion systems with
minor adjustments for each option such as attachments, trip time implications, and power
sources. The vehicle support systems such as communications, avionics, and structure,
are not necessarily unique to the SEP and hence no detail will be covered here. For a more
detailed description of these systems, refer to the vehicle configuration section.

The power system is unique to the SEP vehicle and is the largest subsystem from a
mass and area standpoint. The solar array necessary for power generation is the design
driving point of the vehicle. A GaAs/CIS tandem junction cell has been baselined for the
array due to its high efficiency and low specific mass. The high efficiency allows for a
relatively small array when compared to a silicon array of the same power. The array is a
flexible planar array based on 26% efficiency, 460 W/kg, and 10 year life. A concentrator
array was not chosen due to the pointing accuracy required and the P/Po performance of the
array throughout the trajectory. Several other concepts have been looked at such as a
planar array with concentration ratio's of 1-4. MSFC performed analysis of these lower
level concentration ratio cells compared to the JPL 50 curve (Silicon array, CR=1) and
determined that there were no benefits to using the CR=1,2,3,or 4 arrays. Temperature
plays an important role in the P/Po curve and it was found that even though the higher CR
arrays performed better around 1.5 AU, they lost power around 1 AU due to temperature
restraints and cosine losses. Therefore a planar array with CR=1 was chosen.

The power subsystem is also composed of the Power Management and Distribution
(PMAD) circuitry. The PMAD comprise a sizable weight percentage of the whole vehicle.
One method to decrease the PMAD mass is to employ direct screen drive (DSD).
Designing the vehicle for DSD will save mass, but the vehicle will not operate in the plasma
environment about the Earth. The plasma environment will cause arcing if potentials get
above ~200 volts. One alternative that would allow the mass savings of DSD would be 10
design the vehicle for DSD and use a boost vehicle to get through the plasma environment.
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The propulsion subsystem is composed of 1m X 5m ion thrusters and the argon
propellant subsystem. The thrusters use electrical power generated by the solar array and
conditioned by the PMAD to ionize and repel the argon ions at an extremely high velocity.
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Solar Electric Propulsion Vehicle
Artificial Gravity Configuration

The solar electric vehicle (SEP) artificial gravity (ga) concept presents complications
not present in the lower-performance propulsion concepts. For full-fledged ga conditions,
EP vehicles pose the problem of spinning while thrusting. [An alternative, operational
solution may be to fly [g for most of the trajectory, spinning only during the midflight
coast intervals (25 to 60 days) and upon arrival at Mars. For STCAEM purposes,
however, it is essential to pursue the outcome of a vehicle required to provide artificial
gravity for the entire flight.] Because the thrust vector must average tangential to the flight
path, the fundamental configuration trade-off is between rotating, high-power transfer
assemblies (for the spin vector normal to the ecliptic) and spin-vector precession (for any
other orientation).

Of the many possible configuration options identified by STCAEM, the one was
chosen that is similar both to the pg SEP and to the NEP g concept. This configuration
concept, called an eccentric rotator, avoids tethers, complex extendible booms or
deployable trusses. All components are rigid and the design is simple.

The fundamental concept is that'the large solar array is split in two, leaving a gap or
slot within which spins a rigid boom supporting the habitable systems. The optimal shape
of the two solar array halves has not yet been determined. A single, double-ended slipring
assembly (which transmits only habitation-system power levels) is used to despin the
vehicle bus. No deployment mechanism is required to change the habitat system separation
when the MEV mass is lost. Instead, the rotation rate is adjusted to provide 1g in the
center of the long-duration habitat, according to the habitat’s actual separation from the
current vehicle mass center, which shifts after MEV operations. Thus the mass center is
not necessarily axially aligned with the engine outrigger or geometric center of the solar

array, although it always remains at the zenith ;;:lativq tothc habitat floors. When the mass

center is not along the outrigger axis, the outxfiggcrrand solar array also orbits the mass
center. The engine assemblies therefore trace out circles as they thrust, although the thrust
vector orientation remains fixed. For low-thrust systems in particular, this is expected to
cause no problems. The solar array, main structure and engine assemblies are used as the
countermass to the crew systems. -
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Support Systems for the Mars Solar Electric Propulsion Vehicle.

The support systems necessary for the Mars Solar Electric Propulsion Vehicle are very
similar in nature to those of the Mars Cryo/Aerobrake Transfer Vehicle. The discussion
provided for the latter vehicle also applies generally for the SEP; however, detailed analysis
for the specific systems needed to support the SEP have not been completed. Itis
currently assumed that this study will mainly consist of only deltas from the
Cryo/Aerobrake Vehicle. Some manifesting work has been done for the major components
of the SEP (as given on the following pages) using two different HLLV scenarios (each
assumes the integrated aerobrake "Ninja Turtle" launch concept):

1) 10 meter x 30 meter shroud, 140 metric ton payload capacity

2) Mixed fleet consisting of:
a) 7.6 meter x 30 meter shroud, 120 metric ton payload capacity; and,
b) 10 meter x 30 meter shroud, 84 metric ton payload capacity

The total number of assembly missions for Scenario One is 5, while Scenario Two requires
6 flights. For the mixed fleet option, only the first assembly mission utilizes the 120 mt
payload carrier. This is due to SEP launch packages being much more limited by volume
rather than by mass. Scenario One and Two also differ in that the first assumed that the
MTYV Hab should come up early (to assist in man-tended assembly operations) and the
second brought up the MTV Hab late (for use in ground test and verification). The
constraints of volume and MTV Hab sequencing were the major factors in the additional
launch for Scenario Two.

The manifests given within have not yet been based on detailed ground processing and on-
orbit assembly analyses. The philosophies and facilities chosen for ground operations (test
and verification plans, payload processing, integrated assembly & checkout facilites, etc.)
and assembly operations (Assembly Node location and capabilities, robotic and man-tended
provisions, etc.) will obviously mature this manifesting.
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Technology Issues - SEP

I. Introduction

Technology issues relating to the SEP vehicle are presented in this section. Some of
the charts are also included in the Cryo, NTR, and NEP IP&ED documents. The focus of
this section will be to bring out those issues important to the SEP from these charts, and to
present a series of technology level requirements necessary for the reference SEP
vehicle.The most important technology development needs for SEP are in the areas of
power production and handling, and electric propulsion.

II. Technology commonality Issues

The following nine charts lay out the important technology commonality issues
between the major propulsion options as well as across the seven major mission
architectures identified in this study. The SEP vehicle exhibits commonality to the other
vehicles in several important areas. The transfer crew module is substantially the same as
for all the other options, especiaily those flying conjunction missions. The MEYV is identical
across all vehicle options, except for the cryogenic propellant management and storage
system, which must provide storage for the outbound trip, instead of transferring it from
larger tanks prior to landing. The argon propellant storage system will be similar to the
oxygen storage system employed on the cryogenic vehicles (Lunar & Mars). The ion
propulsion system will employ the same thrusters as the NEP vehicle, which increases the
amount of parallel development which can take place before a full scale development
decision must be made.

The seven identified Lunar/Mars mission architectures verses the required
component technologies, enabling and enhancing, are shown on the next set of charts and
facing page text. Many of these component technology issues are common across the listed
architectures. These issues are for the entire integrated architectures, and do not necessarily
refer specifically to the SEP vehicle in all cases. The areas of high power solar arrays and
power distribution (at the multi-MW level), are the primary areas of technology
development concem for the SEP option. Many of the other areas, however, are common
to the initial cryogenic vehicles, indicating that the SEP could become an attractive Mars
growth option.

III. Technology Development Concerns

As noted before, many of the identified critical and high leverage technology
development issues are common across all four major vehicle options. Common critical
technology issues include low-g human factors, autonomous system health monitoring,
long term cryogenic storage and management (Argon and lander H2 & 02), long duration
ECLSS, radiation shelter material and configuration, and in-space assembly. Unique SEP
technology issues include low cost solar cells, and low mass, efficient, power conversion
equipment. Enhancing technologies include cryogenic refrigeration (lander tanks), O2-H2
RCS, advanced in-space assembly techniques, and advanced materials development.
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IV. SEP Vehicle Technology Requirements

Technology performance levels required for the SEP reference vehicle are outlined
in the next six charts. These are not intended to be the levels needed for any SEP vehicle,
but serve mainly to document the levels required to accomplish the identified reference
mission profile with the vehicle model as configured. Changes to these specifications
would not necessarily affect the feasibility of a SEP mission, but would change the
reference vehicle configuration. The list also includes operational requirements which could
drive technology development or advanced development. An example of this would be
requirements for in-space assembly and testing which could drive in-space assembly
facility design and capability.

V. Ion engine & Solar Array Technology Development

The technology issues relating to an integrated ion propulsion subsystem are
presented, along with performance projections for both ion engines and solar arrays. The
performance parameters include present levels, near term and far term levels, and in the
case of the ion engine, a conservative and optimistic projection of future specific masses

(kg/kW).
V1. SEP Technology Development Schedule

The final chart in this section is a propdscd technology development schedule for

the solar electric propulsion option. The schedule shows that, given a FY ‘91 start, the SEP

vehicle could be ready for a Mars mission in the 2010 timeframe. A full scale decision point

is also highlighted at the beginning of year 7. This is the point where a commitment should
be made for full scale funding and development of the program. : ,
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Technology Development Concerns and Schedules - Solar Electric
Propuilsion (SEP)

Critical technology development issues relating to the reference SEP vehicle are
presented in this section. Where applicable, the same charts are also included in the CAB,
CAP, NEP, and SEP IP&ED documents. The focus of this section will be to bring out the
most important issues relating to the reference NTR vehicle, and to present preliminary
technology development schedules for these issues. The issues are presented here in outline
form, beginning with the most important, with accompanying schedules wherever

possible.

Solar Power System Technology Development

One of the two most important areas of technology and advanced development for
this vehicle option is the development of an integrated solar electric power system. The
most important area of development for the SEP option is the design, integration, and life
testing of a space qualified multi-megawatt solar power system, consisting of high
efficiency solar arrays. Major challenges to be overcome in the achievement of a long life
efficient system lie in efficient solar array development, and efficient power processing and
delivery systems. Long term life testing must be carried out for the power system in order
to verify long term system reliability. A related technology development challenge for the
program may be test facility design and development. Solar electric propulsion offers a
potential performance which may be superior to the any of the other advanced propulsion
options, at the expense of a more costly and lengthy technology and advanced development

program.

Electric Propuision PPU/Thruster Technology Development

The second major area of technology development for the SEP is in large scale
electric power processing unit (PPU), and thruster design and development. The power
system technology development schedule presented in the NEP [P&ED book includes a
timeline for electric thruster design. The development of long life PPU/thruster systems on
a larger scale than currently available (MW level thrusters needed) is the major area of
concern relating to the SEP concept. Thruster lifetimes on the order of a year or more
(continuous) will be required for thrusters on the MW level in scale. Test facilities must be
developed which are capable of supporting the long term life tests for these high power
level thrusters. Finally, high temperature power processing equipment must be developed
to increase system efficiency and reliability.

Life Support :

A reliable, redundant long term life support system will be enabling for future
exploration missions. The degree of closure of, and the reliability of the system are the
major technology development concerns. Low-g human factors determination will also be
an important technology consideration which will drive vehicle design. An integrated
schedule of the major areas of the life support technology development task are presented.
It includes radiation shielding and materials, regenerative life support, and EVA systems
development. As before, the points where Lunar and Mars full scale development decisions
can logically be made in the technology program are highlighted.

Aerobraking (low energy)

Low energy aerobraking will offer mission benefits in the areas of decreased
demands on the descent propulsion system, and improved crossrange capability. This area
presents a variety of issues for technology development including high strength to mass
mtio structural materials, high temperature thermal protection systems (although not as high
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as for high energy acrobraking), avionics, assembly and operations, hypersonic test
facilities and computer codes, and Mars atmosphere prediction. High strength structural

material options include metal matrix composite, organic matrix composite, and advanced - -

carbon-carbon elements. Other structural consideradons include load diswribution and
attachment of payload for aerocapture, and ETO launch and assembly of large structures.
Thermal protection systems issues include low mass ablative and reradiating materials, and
structure/TPS integration issues. The aerobrake maneuver will place considerable demands
on the vehicle avionics system with the need for real time trajectory analysis, and vehicle
guidance and control. The launch and assembly of the large acrobrake structure will present
ground and space assembly and ops problems which will require technology and advanced
development in both the areas of design and operations. Finally, computational analysis
and amosphere prediction capability will be critical in the development of a man-rated
aerobrake for Mars use. A preliminary development schedule for Lunar and Mars aerobrake
technology development is presented. It includes the major milestones for both ground and
flight tesung. The points where a Lunar and Mars full scale development decision can be
made are also highlighted on the schedule. It should be noted that this schedule was built
with high energy acrobraking in mind, and will possibly be compressed to some degree if
only low energy aerobraking is developed.

Vehicle Avionics and Software

Although the technology readiness level of vehicle avionics and software is ahead
of many of the other technology areas listed in some respects, the demands on the system
in the areas of processing rate, accuracy, autonomous operation, and status/health
monitoring will drive technology and advanced development in areas not fully defined at
this point. Software requirements cannot be fully determined until the vehicle designisata
more finished stage than the current levels. A preliminary schedule for autonomous
systems development is presented. The decision points for full scale development The
communications system options can be more fully defined before a final vehicle design is
produced, however. A technology development schedule for advanced communications is
presented. The SEP vehicle may not place the same level of demand on the avionics system
in the area of trajectory analysis, but will likely place more demands on the system in the
areas of status and health monitoring, fault diagnosis, and correction.
In-Space Assembly and Processing ' T

The in-space assembly and processing of large space transfer vehicles will present a
variety of technology advanced development challenges, particularly for the large LTV and
MEYV aerobrakes, and SEP vehicle. The large solar array structure, along with the large
amount of wiring and electrical connections will present a variety of challenges in
technology development (e.g. in-space welding), and assembly operations (e.g. robotics).
As shown on the accompanying schedule, extensive ground tests must occur before any
orbital work can be initiated. The vehicle designs will be driven to a large degree by the
assembly facilities and technologies seen as being available during the vehicle buildup
sequence. It should be noted that the schedule was not developed specifically for an NEP
vehicle. Advances derived from this development process along with flight experience in
earlier missions leading up to this evolutionary scenario could possibly accelerate the
development plan considerably.

Cryogenic Fluid Management

The level of concern for technology development in the areas of cryogenic fluid
management and storage will not be as for electric propulsion vehicles as for the high thrust
systems, although many of the areas still remain important for the SEP vehicle. The Argon
(or Zenon) propellant utilized for the electric propulsion system will be in a cryogenic liquid
state, and will require long term storage and management technology levels similar to those
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for liquid oxygen storage for the chemical vehicles. Cryogenic storage issues relating to
ECLSS fluids and lander/ascent vehicle propellants will remain as well. A preliminary
technology schedule is presented for cryogenic fluid system development for Mars mission
applications. The cryogenic fluid systers schedule includes Earth-based thermal control
and selected component fluid management (tank pressure control, liquid acquisition device
effectiveness, etc.) tests, as well as planned flight experiments to carry out system and
subsystem development (selected components) and verificaton/validation tests. Many of
the technology issues will be answered during the technology/advanced development work
t0 be carried out for a Lunar program. The major technology obstacles to be overcome by
an NEP storage system are in the areas of high reliability long term thermal control systems
(particularily for the lander/ascent tanks), and orbital/flight operations (fluid transfer,
acquisition, etc.).

Summary

As noted before, some of the idendfied critical and high leverage technology
development issues are common across all of the major vehicle options. Common critical
technology issues include low-g human factors, autonomous system health monitoring,
long term cryogenic storage and management (H2, and possibly 02 for ECLSS), long
duration ECLSS, radiation shelter material and configuration, and in-space assembly.
Unique SEP technology issues center around efficient solar power systems and electric
thruster/PPU development. Common enhancing technologies include cryogenic
refrigeration (lander tanks), O2-H2 RCS, advanced in-space assembly techniques, higher
Isp cryogenic engines, and advanced structural materials development. :
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Facilities

The facility needs have only been identified in this study; the extent of the impact is yet to
be determined. A "bona fide" facility development plan has not been done as some of the
requirements are only at a top-level needs evaluation. Therefore, the exact nature of the
subsystems and their support facilities are undetermined. When these determinations have
been made for the final NASA selected vehicle, the results must be integrated with the
vehicle development schedule.

In addition to the information here, additional facility and equipment detail is shown in
Ground subsection of the Support Systems section of this text. A current listing of the
additional required facilities and equipment is shown in the "Special Ground and On-Orbit
Processing Facility and Equipment Requirements” chart for processing the advanced
vehicles. These requirements will impact the volumes shown for assembly, storage, and
launch processing in the “Facilites Requirements"” chart as well as the processing time
shown in the "Assembly Time per Mission" chart. The information there is for the baseline
Cryo/Aerobrake vehicle. All impacts will be to increase the processing time and working

.volumes required. Any facility requirements must be viewed in the light of and
incorporated into the National Launch Facility Plan.
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Facility Requirements

Assembly Volume | Storage Volume |Launch Processing

1 __20694.13 0 0

2 20694.13 0 0

3 42233.11 0 0

4 56989.01 0 0

5 69879.77 101298.05 0

6! 54623.87 . 10128.05 0

7 __39222.88 25031.66 4626.85

8 39222.88 25031.66 0

9 49351.93 14902.61 0
10 20694.13 25031.66 18528.75
11 _20694.13 34296.04 0
12 _20694.13 34296.04 0
13 20694.13 25031.66 9264.38
14 39481.26 25031.66 0
185 39481.26 25031.66 0
16 0 25031.66 16912.13
17 18528.75 __25031.66 0
18 18528.75 10129.05 0
19 0 25031.66 18528.75
20 0 34296.04 0
21 0 34296.04 0
22 0 __25031.66 9264.38
23 0 25031.66 0
24 0 __25031.66 0
25 0 10128.05 14902.61
26 _21207.85 10129.05 0
27 21207.95 30387.15 0
28 0 30387.15 21207.95
29 0 30387.15 10129.05
30 0 30387.15 10129.05
31 0 20258.1 10129.05
32 0 20258.1 10129.05
33 0 20258.1 10128.05
34 0 20258.1 10129.05
35 0 10129.05 10129.05
36 0 10129.05 10128.05
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Solar Electric Propulsion
Programmatics

The objectives of the Programmatics task during the current phase of the study were: n
realistic initial schedules that include inital critical path program elements; (2) initial
descriptions of new or unique facilities requirements; (3) development of a stable, clear,
responsive work breakdown structure (WBS) and WBS dictionary; (4) initial realistic
estimates of vehicle, mission and program cOSts, COSt uncertainties, and funding profile
requirements; (5) initial risk analysis, and (6) early and continuing infusion of
programmatics data into other study tasks to drive requirements/design/rade decisions.

The issues addressed during the study to date included: (1) capturing all potential long-lead
program items such as precursor missions, technology advancement and advanced
development, related infrastructure development, support systems and new or modified
facility construction, since these are as important as cost and funding in assessing goal
achievability; (2) incorporating sufficient operating margin in schedules to obtain high
probability of making the relatively brief Mars launch windows; (3) the work breakdown
structure must support key study goals such as commonality and (4) cost estimating
accuracy and uncertainty are recurring issues in concept definition studies.

Introduction

The study flow, as required by MSEC's statement of work, began with a set of srawman
concepts, introduced others as appropriate, conducted "neckdowns", and concluded with a
resulting set of concepts and associated recommendations.

As the study progressed, much discussion among the SEI community centered on
narchitectures”. In this study, architectures were more or less synonymous with concepts,
since the statement of work required that each concept be fully developed including
operations, Support, technology, and so forth.

We started with ten concepts as shown in the "Overall Study Flow" chart. After the
"neckdown" was completed, significant effort was put into programmatics.
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As was indicated earlier, we established three levels of activity to evaluate in-space
transportation options. The minimum was just enough to meet the President's objectives;
in fact "return to the Moon to stay" was interpreted as permanent facilities but not
permanent human presence. The minimum program had only three missions to Mars. The
median (full science) program aimed at satisfying most of the published science objectves
for Lunar and Mars exploration. The maximum program aimed for industrialization of the
Moon, for return of practical benefits to Earth, and for the beginnings of colonization of
Mars. The range of activity levels, as measured by people and materiel delivered to
planetary surfaces, was about a factor of 10. The range of Earth-to-orbit launch rates was
less, since we adopted results of preliminary trade studies, selecting more advanced in
space transportation technologies as baselines for greater activity levels. The high level
schedules developed for these three levels of activity are shown in the "Minimum
Program”, "Full-Science Program" and " Industrialization and Settlement Program and a
comparison of them for both Lunar and Mars is shown in the "Lunar Program
Comparison” and "Mars Program Comparison” charts.

Schedule/Network Development Methodology

A PC system called Open Plan by WST Corporation was used, which allows direct control
and lower cost over a larger (mainframe) system. The network was purposely kept simple.
Summary activities were used in development of the networks. When detailed to a lower
level, some activities will require a different calendar than we used. One calendar with a
five day work week - no holiday was used. Utlizing multicalendars on a summary
network could confuse the development. The Preliminary WBS Structure Level 7 was
followed for selection of work to be detailed. An example of Level 7 is: MEV Ascent
Vehicle Structure/Mechanisms. We then developed a generic logic string of activities with
standard durations for like activities. This logic was then applied against each WBS Level
7 element. To establish interface ties between logic strings and determination of major
events, we used the Upper Level Summary Schedule and Summary Level Technology

Schedule.
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Goals/Purpose
There were two goals for the schedule/network development. These were:

a. Guidelines for Future Development. The schedules are a preliminary road map to
follow in the development program.

b. Layout Basis Framework for Network. The networks can be used for future detail
network development. This development can be in phases retaining unattended logic for
areas which can be be detailed.

Status
Six preliminary networks have been developed. They are:

- Lunar minimum

- Lunar full science

- Lunar industrialization
- Mars missions

- Mars full science

- Mars settlement

These networks will be further developed as information becomes available The technology
development plan schedules are shownin the Schedules section of this text ; an example of
the standard 6 year program phase C/D schedule is shown in the " Reference 6 yr. Full
Scale Development Schedule” chart. The network schedules developed during the study
are available in the Final Report Costs Data Book.

Facilities

The facility requirements and approaches are discussed in the Facilities section of this text.
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Development Implementation

\ ]

The integrated technology advancement and full-scale development schedules for the NEP
is shown in the “NEP Development Program”. The MEV is developed according to the
above mentioned standard 6-year FSD schedule. The Man-rating schedules for critical
systems, that must be accomplished before first flight, are given in the next several man-
rating charts. The long-duration Mars Tansit Habitat, and its critical subsystems, will
require operational testing in space to qualify for the Mars mission. How all development
and testing is actually done depends on program interrelationships between lunar and Mars

missions.

Work Breakdown Structure

The approach to developing a WBS tree and dictionary was to use the Space Station
Freedom Work Package One WBS as a point of departure to capture commonality,
modularity and evolution potentials. We worked with MSFC to evolve the WBS illustrated
in the six WBS charts presented in this section. The WBS dictionary details are provided
with the WBS tree in a separate deliverable documnent.

Cost Data
Overall Approach

Space transfer concept cost estimates were developed through parametric and detail
estimating techniques using program/scenario plans and hardware and software
descriptions combined with NASA and subcontractor data. Our estimating approach
simulates the aerospace development and production environment. It also reflects program
options not typical of aerospace programs. This flexibility allows assessment of innovative

~ program planning concepts.
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Several tools were employed in this analysis. For developing estimates the Boeing
Parametric Cost Model (PCM) designed specifically for advanced system estimating was
used. It utilizes a company-wide, uniform computerized data base containing historical
data compiled since 1969. The second major tool is a Boeing developed Life Cycle Cost
Model. The third tool is the Boeing developed Return on Investment (ROI) Analyses.

The approach to cost estimating was to use the PCM to establish DDT&E and
manufacturing cost of major hardware components or t0 use other estimates, (e.g. Nuclear
Working Group estimator) if they were considered superior and then feed them to the LCC
- model. Variations on equipment hardware or mission alternatives can be run through the
LCC and then compared for a return on investment. This flow is illustrated in the "Costing
Methodology Flow" chart. We were able to investigate alternative concepts quickly, giving
system designers more data for evolving scenarib/mission responsive concepts.
Transportation concepts, trade studies, and "neckdown” efforts were supported by this
approach.

Parametric Cost Model
PCM develops cost from the subsystem level and builds upward to obtain total program

cost. Costs are estimated from physical hardware descriptions (e. g weights and
complexities) and program parameters (e.g., quantities, lcammg curves, and integration

levels). Known costs are input directly into the estimate when available; the model

assesses the necessary system engmccnng and system test efforts needed for integration
into the program. The PCM working unit is man- -hours, which allows relationships that te
physical hardware descriptions first to design engineering or basic factory labor, and then
through the organizational structure to pick up functional areas such as systems
engineering, test, and development shop. Using man-hours instead of dollars for
estimating relationships enables more reliable estimates. The PCM features, main inputs,
and results are shown in the "Boeing Parametric Cost Model (PCM)" chart. The
applicable PCM results, in constant 1990 dollars, are then put into the Life Cycle Cost
Model to obtain cost spreads for the various missions/programs. The various hardware
components costed for the three different missions/programs are shown in the "LCCM
Hardware Assignments” chart .
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The development of space hardware and components needed to accomplish the three
different Lunar/Mars missions were identified. These components are grouped into three
different categories defined below.

HLLYV (Heavy Lift Launch Vehicle) is the booster required to lift personnel, cargo and
fuels into LEO and support the LEO node operations.

Propulsion Includes the space propulsion system required to wransfer people, cargo and
equipment out of LEO and into space. Space means Lunar, Mars and Earth destinations.
Propulsion Systems also include an all-propulsive cryogenic Trans Mars Injection System
(TMIS) for the Minimum Mission, the Nuclear Electric Propulsion Stage for the
Settlement/Industrial Missions.

Modules Include the space systems that are required to transfer people, cargo and
equipment from LEO to Lunar and Mars orbit; to de-orbit and sustain life and operations on
the Lunar and Mars Surface; and, finally, to return personnel and equipment to LEO.

Cost Buildups

The PCM cost Model can be used directly to obtain complete DDT&E cost, including
production of major test articles, by entering into the manufacturing section the equivalent
numbers of units for each item, including the first flight article. However, when operated in
this way, PCM does not give the first unit cost. To save time, we operated PCM so as to
give first unit cost, which we needed for life cycle cost analyses, and used the first unit cost
to manually estimate the test hardware content of the DDT&E program. The "wrap factors”
shown in the cost buildup sheets were derived from the PCM runs as the factor that is
applied to design engineering cost to obtain complete design and development COStS, €.8.
including non-recurring items such as systems engineering and tooling development.

Life Cycle Cost Model

The LCCM cost data is a composite of HLLV costs, launch base facilities cost estimate
based on $/sq. ft. and parametric estimates derived from the Parametric Cost Model. The
principal source of information is from the PCM. All hardware cost estimates, with the
exception of HLLV, have been developed with this model.
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The LCCM consists of three individual models. One model is for the Minimum Program
Scale; the second is for the Full Science Program Scale; while the third model is for the
Settlement/Industrialization Program Scale. The Minimum Program meets the President’s
Space Exploration Initiative (SEI) objectives. These capabilities include permanent Lunar
facilities but not permanent human presence and three missions to Mars. The Full Science
program not only meets the President's SEI objectives but also provides for long term
bases for far-ranging surface exploration. The Settlement/Industrialization program
accomplishes the objectives of the Minimum and Full Science program scales and
additionally returns practical benefits to Earth. These models were developed using the
three architecture levels described in the Boeing manifest worksheets. Total cost for each
system are tabulated by year and each year's totals feed into a summary sheet that calculates
the total program cost for each level. Since the LCCM results are mission related, not just
vehicle related, they are not provided here but are available in the Final Report Cost Data
Book. The LCCM was developed using Microsoft Excel version 2.2 for the Macintosh
computer. Any Macintosh equipped with Excel 2.2 can be used to execute the model.

Return On Investment

One of the principal uses of the LCCM is to develop trades and return on investment for
technology options. As shown in the "Costing Methodology Flow" chart , two separate
life cycle cost models (which include DDT&E and production cost data derived from the
parametric cost models ) must be developed for each ROI case; a reference, and a case
utilizing a technology option. The two life cycle cost streams are separately entered, and
the ROI model is executed. The flow also illustrates that not all of the data entered into the
life cycle cost model is derived from available costing software. Technical analysis must
accompany this data. For example, the number of units which must be produced for the
DDT&E progrém must be determined. This is done at the subsystem level based on
knowledge of past programs, and proposed system/subsystem tests. Since the ROI
analysis is mission related, not just vehicle related, the data is not presented here but is
available in the Final Report Cost Data Book.

Results

It should be noted that the solar array and ion thruster costs for the NEP are not included in

the PCM results but are included in the the cost build ups. A summary of the cost data
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produced by the PCM for the vehicle are given in the "Mars SEP Preliminary PCM
Summary” and "Mars SEP Preliminary PCM Summary - continued" charts. The PCM
program was used to produce DDT&E and production cost esumates for each of our
reference Mars and lunar vehicles to the subsystem level. The DDT&E costs generated by
the PCM do not include all of the necessary hardware for the first mission vehicle. Hence
all necessary additional units (prototypes,test units, 1ab units, etc.) were added into the
vehicle cost buildups as shown in the three separate "SEP Cost Buildup" chart tables.
These three figures represent costs for solar array efficiencies of $100/wart, $500/watt and
$1000/watt respectively. As shown the total DDT&E includes additional costs(e.g..
additional units in the DDT&E program), contractor fees and the engineering wrap factor.
The total DDT&E from the cost buildup and the unit cost from the PCM are the primary
vehicle cost inputs to the LCC model

Risk Analyses
Risk analyses were conducted to develop an initial risk assessment for the various
architectures. This presentation of risk analysis results considers development risk, man-
rating requirements, and several aspects of mission and operations risk.

Development Risk

All of the architectures and technologies investigated in this study incur some degree of

development risk; none are comprised entirely of fully developed technology.

Development risks are correlated directly with technological uncertainties. We identified
the following principal risks: ~ ~

Cryogenics - High-performance insulation systems involve a great many layers of muld-
layer insulation (MLI), and one or more vapor-cooled shields. Analyses and experiments
have indicated the efficacy of these, but demonstration that such insulation systems can be
fabricated at light weight, capable of surviving launch g and acoustics loads, remains to be
accomplished. In addition, there are issues associated with propellant transfer and zero-g
* gauging. These, however, can be avoided for early lunar systems by proper choice of
configuration and operatons, €.g. the tandem-direct system recommended elsewhere in this
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report. This presents the opportunity to evolve these technologies with operations of inidal
flight systems.

Engines - There is little risk of being able to provide some sort of cryogenic engine for
lunar and Mars missions. The RL- 10 could be modified to serve with little risk; deep
throttling of this engine has already been demonstrated on the test stand. The risk of
developing more advanced engines is also minimal. An advanced development program in
this area serves mainly to reduce development cost by pioneering the critical features prior
to full-scale development.

Aerocapture and aerobraking - There are six potential functions, given here in approximate
ascending order of development risk: aero descent and landing of crew capsules returning
from the Moon, aerocapture to low Earth orbit of returning reusable lunar vehicles, landing
of Mars excursion vehicles from Mars orbit, aero descent and landing of crew capsules
returning from Mars, aerocapture to low Earth orbit of returning Mars vehicles, and
aerocapture to Mars orbit of Mars excursion and Mars transfer vehicles. The "Development
Risk Assessment for Aerobraking by Function” chart provides a qualitative development
risk comparison for these six functions.

Aerocapture of vehicles requires large aerobrakes. For these t0 be efficient, low mass per
unit area is required, demanding efficient structures made from very high performance
materials as well as efficient, low mass thermal protection materials. By comparison, the
crew capsules benefit much less from high performance structures and TPS.

Launch packaging and on-orbit assembly of large aerobrakes presents a significant
development risk that has not yet been solved even in a conceptual design sense. Existung
concepts package poorly or are difficult to assemble or both. While the design challenge
can probably be met, aerobrake assembly is a difficult design and development challenge,
representing an important area of risk.

Nuclear thermal rockets - The basic technology of nuclear thermal rockets was developed
and demonstrated during the 1960s and garly 1970s. The development risk to reproduce
this technology is minimal, except in testing as described below. Current studies are
recommending advances in engine performance, both in specific impulse (higher reactor
~ temperature) and in thrust-to-weight ratio (higher reactor power density). The risks in
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achieving these are modest inasmuch as performance targets can be adjusted to technology
performance. o

Reactor and engine tests during the 1960s jetted hot, slightly radioactive hydrogen directly
into the atmosphere. Stricter environmental controls since that time prohibit discharge of
nuclear engine effluent into the atmosphere. Design and dcvelopmen't of full containment
test facilities presents a greater development risk than obtaining the needed performance
from nuclear reactors and engines. Full- containment facilities will be required to contain all
the hydrogen effluent, presumably oxidize it to water, and remove the radioactivity.

Electric Propulsion Power Management and Thrusters - Power management and thrusters
are common to any electric propulsion power source (nuclear, solar, or beamed power).
Unique power management development needs for electric propulsion are (1) minimum

mass and long life, (2) high power compared to space experience, i.e. megawatts instead of
kilowatts, (3) fast arc suppression for protection of thrusters. 'Minimizing mass of power

distribution leads to high dismribution voltage and potential problems with plasma losses,

arcing, and EMI. Thus while power management is a ma'm'rébtéc':hnolbgyy, the unique
requirements of electric propulsion introduce a number of development risks beyond those
usually experienced in space power systems.

Electric thruster technology has been under development since the beginning of the space
program. Small thrusters are now operational, such as the resistance-heat-augmented
hydrazine thrusters on certain communications spacccfaft.’ Small arc and ion thrusters are
nearing operational use for satellite stationkeeping.

Space transfer demands on electric propulsion performance place a premium on high power

in the jet per unit mass of electric propulsion system. This in turn places a premium on
thruster efficiency; power in the jet, not electrical power, prlfggqlrg; §Pa¢cships. Space -
wransfer electric propulsion also requires specific impulse in the rangc;SOOO to 10,000
seconds. Only ion thrusters and magnetoplasmadynamic (MPD) arc thrusters can deliver
this performance. lon thrusters have acceptable efficiency but relatively low power per unit
of ion beam emitting area. MPD thruster technology can deliver the needed Isp with high
power per thruster, but has not yet reached efficiencies of interest. Circular ion thrusters
have been built up to 50 cm diameter, with spherical segment ion beam grids. These can

- absorb on the order of 50 kWe each. A 10 MWe system would need 200 operating

thrusters. The development alternatives all have significant risk: (1) Advance the state of
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the art of MPD thrusters to achieve high efficiency; (2) Develop propulsion systems with
large numbers of thrusters and control systems; Or (3) Advance the state of the art of ion
thrusters to much larger size per thruster.

Nuclear power for electric propulsion - Space power reactor technology now under
development (SP-100) may be adequate; needed advances are modest. Advanced power
conversion systems are required to obtain power-to-mass ratios of interest. The SP-100
baseline is thermoelectric, which has no hope of meeting propulsion system performance
needs. The most likely candidates are the closed Brayton (gas) cycle and the potassium
Rankine (liquid/vapor) cycle. (Potassium provides the best match of liquid/vapor fluid
properties to desired cycle temperatures.) Stirling cycle, thermionics, and a high-
temperature thermally-driven fuel cell are possibilities. The basic technology for Brayton
and Rankine cycles are mature; both are in widespread industrial use. Prototype space
power Brayton and Rankine turbines have run successfully for thousands of hours in
laboratories. The development risk here is that these are very C(;tnplex systems; there is no
experience base for coupling a space power reactor to a dynamic power conversion cycle;
there is no space power experience base at the power levels needed; and these systems, at
power levels of interest for SEI space transfer application, are large enough to require in-
space assembly and checkout. Space welding will be required for fluid systems assembly.

Solar power for space transfer propulsion - Solar power systems for space propulsion must
attain much higher power-to-mass ratios than heretofore achieved. This implies a
combination of advanced solar cells, probably multi-band-gap, and lightweight structural
support systems. Required array areas are very large. Low-cost arrays, e.g. $100/watt,
are necessary for affordable system COSsts, and automated construction of the large area
structures, arrays, and power distribution systems appears also necessary. Where the
nuclear electric systems are high development risk because of complexity and the lack of
experience base at relevant power levels and with the space power conversion technologies,
most of the solar power risk appears as technology advancement risk. If the technology
advancements can be demonstrated, development risk appears moderate.

Avionics and software - Avionics and software requirements for space transfer systems are
generally within the state of the art. New capability needs are mainly in the area of vehicle
and subsystem health monitoring. This is in part an integration problem, but new
~ techniques such as expert and neural systems are likely to play an important role.
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An important factor in avionics and software development is that several vehicle elements
having similar requirements will be developed, some concurrently. A major reduction in
cost and integration risk for avionics can be achieved by advanced development of a
vstandard" avionics and software suite, from which all vehicle elements would depart.

Further significant cost savings are expected from advancements in software development

methods and environments.

Environmental Control and Life Support (ECLS) - The main development risk in ECLS is
for the Mars transfer habitat system. Other SEI space transfer systems have short enough
operating durations that shuttle and Space Station Freedom ECLS system derivatives will
be adequate. The Mars transfer requirement is for a highly closed physio-chemical system
capable of 3 years' safe and dependable operation without resupply from Earth. The
development risk arises from the necessity to demonstrate long life operation with high
confidence; this may be expensive in cost and development schedule. -

Man-Rating Approach

Man-rating includes three elements: (1) Design of systems to manned flight failure tolerance
standards, (2) Qualification of subsystems according to normal man-rating requirements,
and (3) Flight demonstration of critical performance capabilities and functions prior to
placing crews at risk. Several briefing charts follow: the first summarizes a recommended
approach and lists the subsystems and elements for which man-rating is needed;
subsequent charts present recommended man-rating plans.

Mission and Operations Risk

These risk categories include Earth launch, space assembly and orbital launch, launch
windows, mission risk, and mitigation of ionizing radiation and zero-g risks.

Earth launch - The Earth launch risk to in-space transportation is the risk of losing a
payload because of a launch failure. Assembly sequences arc arranged to minimize the
impact of a loss, and schedules include allowances for one make-up launch each mission

opportunity.
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Assembly and Orbital Launch Operations - Four sub-areas are covered: assembly, test and
on-orbit checkout, debris, and inadvertent re-entry.

Assembly operations risk is reduced by verifying interfaces on the ground prior to launch
of elements. Assembly operations equipment such as robot arms and manipulators will
undergo space testing at the node to qualify critical capabilities and performance prior to
initiating assembly operations on an actual vehicle.

Assembly risk varies widely with space transfer technology. Nuclear thermal rocket
vehicles appear to pose minimum assembly risk; cryo/aerobraking are intermediate, and
nuclear and solar electric systems pose the highest risk.

Test and on-orbit checkout must deal with consequences of test failures and equipment
failures. This risk is difficult to quantify with the present state of knowledge. Indications
are: (1) large space transfer systems will experience several failures or anomalies per day.
Dealing with failures and anomalies must be a routine, not exceptional, part of the
operations or the operations will not be able to launch space transfer systems from orbit; (2)
vehicles must have highly capable self-test systems and must be designed for repair,
remove and replace by robotics where possible and for ease of repair by people where
robotics cannot do the job; (3) test and on-orbit checkout will run concurrently with
propellant loading and launch countdowns. These cannot take place on Space Station
Freedom. Since the most difficult part of the assembly, test and checkout job must take
place off Space Station Freedom the rest of the job probably should also.

Orbital debris presents risk to on-orbit operations. Probabilities of collision are lafgc for
SEI-class space transfer systems in low Earth orbit for typical durations of a year or more.
Shielding is mandatory. The shielding should be designed to be removed before orbital
launch and used again on the next assembly project.

Creation of debris must also be dealt with. This means that (1) debris shielding should be
designed to minimize creation of additional debris, especially particles of dangerous size,
and (2) operations need to be rigorously controlled to prevent an inadvertent loss of tools
and equipment that will become a debris hazard.

Inadvertent re-entry is a low but possible risk. Some of the systems, especially electric
propulsion systems, can have very low ballistic coefficient and therefore rapid orbital decay
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rate. Any of the SEI space wansfer systems will have moderately low ballistic coefficient
when not loaded with propellant. While design details are not far enough along to make a
quantitative assessment, parts of these vehicles would probably survive reentry to become
ground impact hazards in case of inadvertent reentry. For nuclear systems, it will be
necessary to provide special support systems and infrastructure to drive the probability of
inadvertent reentry to extremely low levels.

Launch Windows - Launch windows for single-burn high-thrust departures from low Earth
orbit are no more than a few days because regression of the parking orbit line of nodes
causes relatively rapid misalignment of the orbit plane and departre vector. For lunar
missions, windows recur at about 9-day intervals.

For Mars, the recurrence is less frequent, and the interplanetary window only lasts 300 60
days. It is important to enable Mars launch from orbit during the entire interplanetary
window. Three-impulse Mars departures make this possible; a plane change at apogee of
the intermediate parking orbit provides alignment with the departure vector. Further
analysis of the three-burn scheme is needed to assess penalties and identify circumstances
where it does not work.

Launch window problems are generally minimal for low-thrust (electric propulsion)
systems. '

Mission Risk - Comparative mission risk was analyzed by building risk trees and
performing semi-quantitative analysis. The next chart presents a comparison of several
mission modes; after that are the risk trees for these modes.

Ionizing Radiations and Zero G - The threat from ionizing radiations is presented elsewhere
in this documnent. Presented here are the mitigating strategies for ionizing radiations and

2er10 g.

Nuclear systems operations present little risk to flight crews. Studies by University of
Texas at Austin showed that radiation dose to a space station crew from departing nuclear
vehicles is very small provided that sensible launch and flightﬂstratcgies are used. On-
board crews are protected by suitable shielding and by arrangement of the vehicle, i.e.

 hardware and propellant between reactors and the crew and adequate separation distances.

After nuclear engines are shut off, radiation levels drop rapidly so that maneuvers such as
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departure or return of a Mars excursion vehicle are not a problem. On-orbit operations
around a returned nuclear vehicle are deferred until a month or two after shutdown, by
which time radioactivity of the engine is greatly reduced.

Reactor disposal has not been completely studied. Options include solar system escape and
parking in stable heliocentric orbits between Earth and Venus.

Crew radiation dose abatement employs "storm shelters” for solar flares, and either added
shielding of the entire vehicle or fast transfers (or both) to reduce galactic cosmic ray
exposure. Assessments are in progress; tradeoffs of shielding versus fast trips have yet to
be completed. Expected impact for lunar missions is negligible and for Mars missions,
modest.
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LCCiA Hardware Assignments

Components LunariMars
Minimum Full Scicnce Settle /Ind
Cargo Carrfer & Core X X X
BLLY  [STME X X X
Recov PA Mod X X X
Std Avionics Suite X X X
Ady Space Enpine X X X
NTR Tanks X
MOC Tank X X
MOC Core X X
Propuisfon |NTR Stage X
NTR Engine X
NEP Stape X
NEP Enpine X
TMIS Engine X X
TMIS Tank X X
TMIS Core X X
LEO Tanker X X X
LTV Hab X X X
LIV X X X
LEV X X X
ILEV Crew Module X X X
MTV X X
MTV Crew Module X X X
Modules  |[MEV X X X
RMEV X
mini-MEY X
MEY Crew Module X X X
Lunar Aerobruke X
MTYV Aerobrake
MEY Acrosheil X X X
MCRV X X X
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